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Abstract 
The Grenville Front Tectonic Zone (GFTZ) is a polyphase deformation belt in the northwest 
of the Grenville Province which was shaped in the continent-continent-collision-induced 
Grenvillian Orogeny.  
This thesis focuses on the evolution of deformation fabrics in the GFTZ between the Sudbury 
Basin and French River in Ontario, Canada. Geological mapping using a new digital 
mapping system was conducted within this segment of the GFTZ, in its northwest vicinity in 
the Southern Province, and in its southeast vicinity in the Grenville Province. The new digital 
mapping system includes a personal digital assistant equipped with an internal GPS and a 
mobile GIS mapping software, and the ArcGIS software, which together worked seamlessly 
in the whole mapping process. Mapping in Whitefish Falls in the Southern Province enables 
us to identify two generations of folds in the Gowganda Formation of the Huronian 
Supergroup. The first generation is explained by bedding-parallel shear perhaps in a fold-
and-thrust belt system in the Penokean Orogeny between 1850 and 1830 Ma. The second 
generation folds are km-to-tens-of-km-scale folds which compose the fold belt of the 
Penokean Orogeny. Mapping in the Grenville Province allows us to establish three phases of 
deformation which correspond respectively to a mid- to lower crustal sub-horizontal flow in 
a thickened crust, a regional folding during the NW-SE lithosphere extension, and a NW-SE 
crustal shortening and top-to-the-NW thrusting. The GFTZ underwent all three phases of 
deformation. Regional structural correlation and zircon dating suggest that the three phases 
of deformation occurred during 1079-1030 Ma, 1028-1018 Ma, and 1000-953 Ma 
respectively. Mylonite zones were developed at the NW margin of the GFTZ. Detailed 
structural analysis of deformation fabrics within and in the vicinity of the mylonite zones 
south of Coniston, Ontario, Canada shows that these mylonite zones were developed in the 
third deformation phase accompanying the development of at least one generation of folds in 
the GFTZ. Although kinematics of many mylonite zones has been “quantified” by various 
vorticity analysis methods in the literature, none of these methods is adopted here. Numerical 
modeling was used to investigate these methods, and it was found that current vorticity 
analysis methods have uncertainties too large for them to be useful.  
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Chapter 1
General introduction and thesis outline 
1.1 Introduction 
The northwest boundary of the Grenville Province (Figure 1.1a), called the Grenville 
Front Tectonic Zone (GFTZ), is a NE-trending polyphase deformed zone, and its 
evolution is closely associated with the history of the Grenville Province which is still 
poorly understood. Despite several decades of study, the evolution of this deformation 
zone is still not well understood (Moore, 1986; Haggart et al., 1993; Davidson, 2001).  
The northwest margin of the GFTZ is commonly referred to as the Grenville Front. The 
name “Grenville Front” first appeared in the tectonic map of Canada (Derry, 1950) to 
mean the northwest margin of the Grenville Province which can be identified both 
geophysically and geologically. However, the position of the Grenville Front may be 
different in different literature depending on the criteria used to define it. Geophysically, 
the front is a remarkable discontinuity in the seismic profile image and in the 
gravitational field of the Canada Shield (Thomas and Tanner, 1975). The seismic profile 
image shows that sub-horizontal fabrics in the old provinces (the Southern Province, the 
Superior Province, the Churchill Province and the Nain Province) terminate at the 
Grenville Front, southeast of which, in the Grenville Province, moderate to steeply-
dipping fabrics are present. The gravitational field of the Canada Shield shows a Bouguer 
gravity low at the exposed Grenville Front, and it is attributed to thicker crust at the 
northwestern Grenville Province (Green et al., 1988; Hall et al., 2002). Geologically, the 
front is exposed as a number of northeast-trending, southeast-dipping mylonite zones and 
faults (Wynne-Edwards, 1961; Brooks, 1967; Brown, 1967; Stockwell et al., 1970; 
Davidson, 1986). These mylonite zones are here collectively referred to as the Grenville 
Front Mylonite Zones (GFMZ). They separate low grade supracrustal rocks to the 
northwest of the front in the adjoining provinces (the Southern Province, the Superior 
Province, the Churchill Province and the Nain Province) from migmatitic amphibolite-
facies genisses to the southeast of the front in the Grenville Province (Dalziel et al., 1969;  
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Figure 1.1 Location of the study area 
(a) A geological map showing the NE-trending Grenville Front Tectonic Zone 
(GFTZ) in the Grenville Province. The GFTZ is about 2000 km long and its width 
varies from tens of kms to up to more than 100 km.  (b) A geological map showing 
the study area between the Sudbury Basin and French River. The GFTZ within the 
study area is the northwest part of the Grenville Province.  
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Krogh, 1994). In some literature, such as Davidson (1986, 1998) and Easton et al. (1999), 
the term Grenville Front is used quite conceptually to represent the northwest limit that 
the Grenvillian deformation (1090-980 Ma) had affected. In this thesis, I will use this 
term according to its original meaning, to represent the boundary between the Grenville 
Province and the older provinces. 
Despite decades of studies of the GFTZ, especially of the GFMZ within it, the evolution 
of the northwest Grenville Province is still under debate (Brooks, 1967; Dalziel et al., 
1969; La Tour, 1979; La Tour and Fullagar, 1986; Krogh, 1994; Davidson, 1986, 2001; 
Bethune, 1997). The fabrics within the GFTZ are dominated by NE-striking, SE-dipping 
foliations and down-dip lineations (Stockwell et al., 1970; Lumbers, 1975; Rivers et al., 
1989). Some limited studies suggested that these fabrics were produced by strike-slip 
dominated shearing (Brooks, 1967; Baer, 1977). However, shear sense indicators 
showing top-to-the-NW thrust from mylonites in the GFTZ have been reported in the 
literature and more and more researchers argued that the fabrics occurred in top-to-the-
NW shearing (Dalziel et al., 1969; La Tour, 1979; Davidson, 1986; Martignole and 
Friedman, 1998; Rivers, 2008). Although now it is commonly believed that the fabrics in 
the GFTZ are products of reverse shearing, deformation of the GFTZ is certainly more 
complicated. This is shown in Google Earth images in which regional-scale tight folds 
can be recognized in the GFTZ. These folds orient with axial planes being orthogonal to 
the Grenville Front and cannot develop in the reverse shearing. In addition to the 
complex deformation, the timing and times of the reverse shearing are a matter of debate. 
In the literature, the GFTZ is generally described as a thrust zone formed in late 
Grenvillian Orogeny (LaTour 1981; Haggart et al., 1993; Rivers, 2008). However, some 
researchers argue that these fabrics were produced by discrete multiple thrusts some of 
which occurred before the Grenvillian Orogeny (Krogh, 1994; Bethune, 1997; Corfu and 
Easton, 2000; Davidson, 2001). This discrepancy suggests that the fabrics in the GFTZ 
are poorly understood, and it deserves more studies. 
This thesis aims to decipher deformation history of the fabrics in the GFTZ and to use it 
to constrain regional tectonics. Detailed structural analysis is used to unravel the 
deformation path of the GFTZ and zircon dating is used to constrain the timing of 
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deformations. The area between the Sudbury basin and French River in Ontario, Canada 
was investigated due to its good exposure and easy access (Figure 1.1b).  
1.2 Previous geology work in the study area 
The area covered by the GFTZ has been studied for more than 70 years, though the name 
“Grenville Front” was first used in 1950. Quirke and Collins (1930) are the earliest 
researchers to study the GFTZ. Recognizing that the folds and east-trending 
metasedimentary rocks within the Southern Province were truncated by a zone with NE-
trending foliations, Quirke and Collins concluded that this linear zone was a thrust zone 
with the Grenville Province rocks thrusted northwestward onto the Southern Province. 
Twenty years later this linear zone was named the Grenville Front, and first appeared as a 
fault on the tectonic map of Canada (Derry, et al., 1950). After that, the Grenville Front 
began to attract more attention.  
In the 1960s and 1970s, most work was focused on rock correlation on two sides of the 
Grenville Front, with limited structural analysis. Grant (1964) studied the Grenville Front 
at the Timagami Lake area in Ontario, and concluded that it is not a suture between the 
southeast margin of Superior Province and the Grenville Province because Superior rocks 
could be traced southward across the Grenville Front into the Grenville Province. Brown 
(1968), Dalziel et al. (1969), and Brocoum and Dalziel (1974) pointed out that three 
generations of folds were found at the Grenville Front near Coniston and interpreted them 
in terms of  polyphase deformation between 1950-1750 Ma. Brooks (1967) and Baer 
(1977) pointed out the GFMZ was a strike-slip dominated shear zone developed at 1.0 
Ga. La Tour (1979, 1981) argued that the three generations of folds represented a single 
progressive deformation rather than polyphase deformation. He suggested that the GFMZ 
there was developed by progressive top-to-the-NW shearing at 1000 Ma.  
Since 1980, more and more geochronological studies of the GFTZ have been done and 
polyphase metamorphism of the GFTZ has been recognized. Krogh (1994) suggested the 
GFTZ experienced both a Pre-Grenvillian and a Grenvillian thrusting, and that the timing 
of Pre-Grenvillian thrusting may vary from place to place based on zircon dating. 
Bethune (1993, 1997) and Haggart et al. (1993) studied the GFTZ near Georgian Bay, 
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and pointed out that it experienced a 1450 Ma thrusting and a 1000 Ma thrusting. Mulphy 
(1999) and Corfu and Easton (2000) concluded that the GFTZ underwent polyphase 
metamorphism, and that the last one is associated with the 1000 Ma thrusting. Davidson 
(1986, 1994, 2001) also believed that the GFTZ underwent polyphase thrusting, and that 
it was hard to assign the fabrics to each thrusting event because the fabrics showed 
similar orientations.  
Though the GFTZ has been studied for about 70 years, detailed structural studies of the 
GFTZ are lacking. The fabrics developed during the shearing hold important information 
on rheology and kinematics of deformation in the shear zone, and by studying them I 
hope to constrain the deformation history of the GFTZ in the study area.  
1.3 Objectives and methodology 
This thesis focuses on determining the evolution of the GFTZ.  This includes 1) how and 
when the fabrics within the GFTZ formed, and 2) how and when they were exhumed. I 
will use a combination of structural analysis and geochronological investigation to 
address these questions. In addition to these studies, numerical modeling was employed 
to investigate the uncertainties in quantifying shear zone kinematics in some currently 
used methods. It demonstrated that they are not applicable to the GFTZ.  
In order to reveal how the GFTZ developed into a NE-trending highly deformed zone, 
fabrics outside and in the vicinity of the GFTZ were also investigated. These fabrics 
provide information on the initial and early deformation stage inside the highly deformed 
zone. Fabrics in the Southern Province in the vicinity of the GFTZ are characterized by 
folds and faults. These fabrics were mapped in detail at Whitefish Falls and Coniston. 
Folds were analysed especially in detail to study their relationship with the GFMZ 
development. Fabrics southeast of the GFTZ in the Grenville Province were also 
investigated, and their counterparts have been discovered in the GFTZ during field 
mapping. Comparison of fabrics outside the GFTZ with their modified equivalents within, 
was made to understand its development.     
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Structural analysis in this study is mainly detailed mapping on the outcrop scale. The 
geometry, orientation and spatial variation of various fabrics (e.g., foliations, lineations 
and folds) as well as the overprinting relationships, record the history of deformation. 
They are analyzed to obtain the kinematics of the GFTZ using the structural analysis 
methods which are described in Turner and Weiss (1963) and Hobbs et al. (1976). 
Mapping in this study was conducted using a new digital mapping system including a 
personal digital assistant equipped with an internal GPS and some software. This new 
digital mapping system has many advantages compared to traditional paper-based 
mapping systems, and it works seamlessly in fieldwork preparation, field data collection, 
structural analysis and final map construction. This new digital mapping system will be 
introduced in the next chapter.  
Structural analysis of this study also includes microstructural analysis in the lab under a 
microscope. The deformation behaviour of some minerals and the lattice preferred 
orientation of quartz were analysed to determine the temperature during which the GFMZ 
developed. The lattice preferred orientation of quartz was measured using a Leitz 
universal stage.  
Besides the practical structural analysis, theoretical numerical modeling is also used to 
investigate kinematics of shear zones. Many geologists have proposed methods to 
quantify shear zone deformations, and these methods have been applied to many natural 
shear zones (e.g., Passchier, 1987; Wallis, 1992; Simpson and De Paor, 1997; Xypolias 
and Koukouvelas, 2001; Law et al., 2004). I use numerical modeling to investigate the 
uncertainties associated with these methods, and point out various problems with their 
practical applications.  
Using the structural analysis above, deformation phases were unravelled and the relative 
timing of each deformation phase was determined. The absolute deformation timing was 
constrained by regional structure correlation and a geochronology study. Zircon dating 
was carried out in the geochronological study, and it used a laser ablation inductively 
coupled plasma mass spectrometry (LA-ICP-MS). 
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1.4 Thesis Outline 
This thesis presents the deformation history of the area between the Sudbury Basin and 
French River in the Ontario, Canada. It consists of 9 chapters. Chapter 1 provides the 
background information for the topic of this thesis and the motivation of the work. 
Chapter 2 describes a new digital mapping system that I used and improved in my field 
mapping. Chapters 3-5 deal with the deformation history of areas at a regional scale, and 
present a new synthesis of the regional geological settings. Specifically, Chapter 3 
presents tectonic evolution of the Southern Province based on structural analysis of folds 
and faults. Chapter 4 presents deformation structure evolution in the study area in the 
Grenville Province, and discusses its tectonic implications. Chapter 5 provides zircon 
data from the GFTZ and determines the timing of deformation in the Grenville Province. 
Chapters 6-8 deal with kinematics of high-strain shear zones. Chapter 6 presents detailed 
kinematics of a small area at the Grenville Front south of Coniston, and discusses the 
structure evolution of fabrics in the GFTZ. Chapters 7 and 8 present numerical 
investigation results on the uncertainties of some vorticity analysis methods that are 
commonly used to quantify shear zone kinematics in the literature. The numerical studies 
show that these methods are not applicable to any natural shear zone. The last chapter 
(Chapter 9) summarizes the findings of the thesis and provides recommendations for 
further research.   
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Chapter 2
A new digital mapping system 
2.1 Introduction 
A geological mapping process includes fieldwork preparation, field data collection, 
structural analysis and final map construction. Digital mapping using portable computers 
is a trend in geological mapping due to its many merits compared to traditional geological 
mapping using a mapping board, a paper base map and a notebook (Brodaric, 1997; 
Briner et al., 1999; Kramer, 2000; Brimhall and Vanegas, 2001; Edmondo, 2002; 
McCaffrey et al., 2003; Jones et al., 2004; Wilson et al., 2005; McCaffrey et al., 2005; 
Clegg et al., 2006; Whitmeyer et al., 2010). A portable computer used in digital mapping 
is either a tablet PC or a palm-sized personal digital assistant (pocket PC) integrated with 
a Global Positioning System (GPS). It records data in the field and works more 
efficiently and seamlessly with structural analysis and final map construction (Figure 
2.1). With a GPS, running a Geographic Information System (GIS) mapping software, the 
portable computer can instantly plot locations and collected data on a base map, which is 
very helpful for geological mapping in the field. With visited locations clearly shown on 
a base map, mapping routes can be easily established to make sure that outcrops to be 
visited are accessible and that the whole mapping area is evenly covered. Plotted 
structural data on a base map help formulate interpretation models which guide the 
geologists to find new geological features in order to maintain, abandon or refine the 
models in the field. These advantages make digital geological mapping in the field much 
more efficient than traditional paper-based geological mapping, and no any further field 
trip is needed due to missing data (Figure 2.1). Back from the field, collected data can be 
exported to a large screen computer with a GIS software, structural analysis can be 
performed, three dimensional (3D) models can be conveniently built and a final 
geological map can be constructed at any chosen scale. This work is very time-
consuming using traditional mapping methods where all collected data have to be 
transferred from the notebook to a computer. In structural analysis, homogeneous 
domains have to be defined first, and it is done by finding areas in which structural data 
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Figure 2.1 Traditional mapping system and digital Geological Mapping system 
compared.  
Modified from Passchier and Exner (2010). (a) Traditional mapping system. Data 
are recorded by hand in a notebook and some are drawn on the base map while in 
the field. Back at the lab, all data have to be manually input onto the computer to do 
the analysis and map drawing. That some data are missing is not realized until data 
are input into a computer for map construction. A second trip or even subsequent 
trips are needed to go back to the field to collect the missing data. (b) Modern digital 
mapping system. All data are collected in a portable computer, usually integrated 
with a GPS. Collected spatial data are instantly plotted on the base map in the 
portable computer. A preliminary map is constructed in the field. Back at the lab, 
all data are automatically transferred to a desktop computer in seconds. Generally 
no further fieldwork is required. 
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of an equal-area projection show particular patterns. Finding homogeneous domains is 
very tedious if structural data are collected with traditional mapping system, because 
structural data need to be removed from and added to the equal-area projection to 
approach a homogenous domain. In contrast to the traditional mapping system, modern 
digital mapping systems use GIS software to extract structural data from any area to plot 
on an equal-area net to find homogenous domains, which works more efficiently. Digital 
mapping systems also make map construction easier. In the final map construction, a 
constructed digital map in the field is easily edited to become the final map.  
 
Figure 2.2 Trimble® GeoXH™ handheld from the GeoExplorer® 2008 series.  
A base map is shown in the handheld.  
In this chapter, I introduce a digital geological mapping system. This digital mapping 
system is used throughout the field investigation of my thesis project. Some of the 
techniques used in this system are already reported in the literature, and others are 
developed and improved upon by myself. The general principles and techniques of the 
mapping approach are presented. The digital mapping system includes a personal digital 
assistant (Figure 2.2) equipped with an internal GPS and TerraSync software (mobile 
version of GIS mapping software), GPS Pathfinder Office software, and ArcGIS software.  
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Figure 2.3 Flow chart of digital mapping.  
(a) Geological mapping preparation. (b) Data collection. (c) Structural analysis and 
final map construction. 
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Trimble GeoXH handheld is the personal digital assistant integrated with a GPS in the 
mapping system. It is the most accurate handheld GPS of Trimble products, and normally 
delivers real-time sub-meter accuracy. It contains an internal battery which can last for 
two or three days in regular geological mapping. This GeoXH handheld uses Windows 
Mobile 6.0 as its operating system and is equipped with TerraSync software for data 
collection. Collected data in the field fall into two categories: spatial data and attribute 
data. Spatial data in geological mappings are used to record shapes and positions of 
mapped units or fabric locations. Attribute data represent the information that we want to 
record in order to describe the mapped units or fabrics, such as lithologies of mapped 
units, orientations of fabrics, and file names of outcrop photos. Spatial data are recorded 
automatically by the GeoXH GPS. Attribute data can be in various aspects, and which 
attribute data need to be recorded depends on the purpose of the mapping. A customized 
attribute-data-collect form used in TerraSync for data collection is designed in GPS 
Pathfinder Office software. The GPS Pathfinder Office software can postprocess 
collected data to achieve high position accuracy and transfer collected data into a variety 
of formats for structural analysis and map construction in various GIS software. In our 
digital geological mapping system we use ArcGIS for structural analysis and map 
construction. Each component of our digital mapping system works seamlessly in 
fieldwork preparation, data collection, structural analysis and final map construction 
(Figure 2.3). In the sections that follow, I will show how the digital geological mapping 
system works in the whole process of geological mapping.  
2.2 Preparation for geological mapping 
Before heading out for geological mapping, a base map of map area and a road network 
map need to be prepared in an electronic version in a format compatible with portable 
computers. The base map can be existing geological maps, aerial photos or satellite 
images (e.g., Google Earth images), and they can be georeferenced in GIS software and 
exported as background maps in the required formats to a GeoXH GPS. Existing 
geological maps always include coordinates, and can be georeferenced. Aerial photos and 
satellite images generally do not have coordinates to be georeferenced. This is resolved  
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Figure 2.4 Low resolution satellite image and a digitized base map of the Plane 
Table Lake area just south of Whitefish Falls, Ontario, Canada.  
Coordinates of the maps are Universal Transverse Mercator (UTM) coordinates in 
Zone 17 North. (a) Georeferenced Google Earth image. The image is in low 
resolution. (b) Digitized base map. It is used as a background map in Figure 2.2. 
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Figure 2.5  Satellite image with road network for the map area from Sudbury to 
Noelville, Ontario, Canada.  
Coordinates of the map are UTM coordinates in Zone 17 North. This map is a guide 
map for long distance traveling (vehicle needed) between small detailed map areas. 
It clearly shows well exposed outcrops in reddish, brown or grey, vegetations in 
green, and waters in black. Street names are labeled in pink. 
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by obtaining coordinates from marker points on the photos or images from Google Earth. 
Aerial photos and satellite images are very useful in recognizing well exposed outcrops 
on maps and in designing hike routes to avoid obstacles like swamps. In areas where 
aerial photos are not available and satellite images are low resolution, satellite images can 
be digitized to produce a base map (Figure 2.4). Road network maps in shape file format 
can be obtained from governments. For some countries, they can be downloaded from the 
government websites for free (e.g., road network map for Canada can be downloaded 
from http://www.statcan.gc.ca/). Besides the electronic version of base maps, a paper 
version of a whole map area base map is recommended to serve as a guide map to 
navigate geologists in the direction of any area of interest for detailed mapping (Figure 
2.5). In our digital mapping system, a base map is prepared in ArcGIS which accepts a 
variety of file formats. The maps to be georeferenced are raster files, i.e., scanned 
geological maps, aerial photos and satellite images. These raster files can be imported in 
ArcGIS in various formats, e.g., JPG, MrSID, Tiff, BMP, etc. In some cases, several 
raster files with different scales need to be assembled, which is automatically 
implemented in georeferencing in ArcGIS. When georeferenced, high resolution raster 
files are preferred in ArcGIS on a desktop computer or a workstation. However, 
resolution of the base map is limited by the relative low performance of portable 
computers. Base map sizes should be limited to 1.5 MB to avoid any delay in displaying 
the map in portable computers. Therefore, the resolution is compromised by the size of 
the map area. One solution is to export the whole map area into several base maps each of 
which covers a small section. It can be operated in ArcGIS software and the resolution 
for each base map can be assigned. When the base map is exported from ArcGIS, a 
coordinate file associated with a corresponding base map is exported automatically. Both 
the base map and the associated coordinate file are needed to properly display the base 
map in TerraSync in a portable computer. The exported base maps can be in TIFF, JPG, 
and IMG formats all of which are supported in TerraSync as background maps. These 
small area base maps are used in detailed geological mapping or in navigation during 
hiking. The paper version guide map is in high resolution and requires UTM coordinates. 
It can be printed out with a road network on the top in ArcGIS. This map is very useful in  
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Figure 2.6 Dictionary file in which attribute data form is designed. 
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Figure 2.7 Attribute data associated with point spatial data. 
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long-distance navigation using a vehicle to drive to outcrops.  
In addition to base maps, a customized attribute-data-collect form should be designed in a 
dictionary file in Pathfinder Office, so that in the field most data are collected by clicking 
and selecting from pre-defined pick-lists of multiple-choice questions (Figure 2.7). Text 
input is limited to whenever necessary because it is relatively time-consuming to input 
text into the GeoXH GPS. Attribute data are always associated with their spatial data. 
Three types of spatial data are collected in geological mapping: point, line, and polygon. 
Positions of all three types are strictly defined in space. Each type of spatial data has an 
attribute-data-collect form associated with it. Point spatial data are used to record the 
location of a station where a geologist takes measurements or calculates observations. 
Attribute data associated with point spatial data can be lithological data, such as rock type 
and mineral assemblage, structural data, such as orientations of foliation, lineation, fold 
plane or fold axis etc., and notes, such as collected sample number, file name of pictures 
taken, and comments. Line spatial data are used to record the position of a trace of a dike 
or a fault. Attribute data associated with line spatial data can be used to record rock type 
of a dike, whether it has chilled margins, crosscut fabrics, or shear sense of a fault. 
Polygon spatial data are used to record a position and a shape of any exposed rock unit. 
Attribute data associated with polygon spatial data can be used to record rock name and 
mineral assemblage. Attribute data can be recorded by typing text or selecting items from 
a pick-list designed in the dictionary file (Figure 2.7, Figure 2.8). In the digital geological 
mapping system, the Pathfinder Office software also serves to transfer the base maps and 
the dictionary file to the Trimble GeoXH handheld.   
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Figure 2.8 Fabrics plotted as oriented symbols and a structural data extraction. 
(a) Oriented foliation symbols are automatically plotted in ArcGIS. The orientations 
of these foliation symbols are specified by the attribute data of the strikes of the 
foliations. The foliation dips are specified by the highlighted attribute data 
representing the dips of the foliations, and are automatically labeled on the map. (b) 
Data within shaded domain are automatically selected and highlighted.  
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2.3 Data collection 
In the digital mapping system, a high accuracy of spatial data is guaranteed by the high 
quality GPS and its differential correction. Positions given by a GPS receiver always 
involve some errors or uncertainties, and their accuracy can be improved by differential 
correction. The differential correction technology uses base stations with known 
coordinates to correct position calculations. The differential correction falls into two 
types: real-time and post-processing. In the digital mapping system, the GPS receiver is 
integrated into the Trimble GeoXH handheld, which supports both real-time and post-
processing correction. The Trimble GeoXH handheld is reported to achieve an accuracy 
of 30 cm through real-time differential correction and 10 cm through post-processing 
correction in North America (http://www.trimble.com/geoxh.shtml). In addition to the 
differential correction, TerraSync software allows users to set the accuracy requirements 
to filter out unsatisfactory data.  
Data collection with our digital mapping system is straightforward and time-saving. 
Spatial data are instantly recorded and plotted on the base map in the GeoXH handheld. 
A trace of a dike is recorded and automatically mapped in the GeoXH handheld when a 
geologist follows the dike holding the device. Rock unit boundaries are automatically 
mapped as one is walking around the rock unit. Attribute data associated with the spatial 
data, such as geological observations and measurement data can be recorded into the 
GeoXH handheld by selecting the right item from a pick-list or typing numbers from a 
soft keyboard with a stylus (Figure 2.7). Necessary field note can also be typed onto the 
device with the soft keyboard and the stylus. In GeoXH handhelds with integrated 
camera, when spatial data are collected, photos can be taken and attached to the spatial 
data. However, the quality of the photos is limited, and the quantity is limited by the 
storage ability of the device. When high quality photos are required, a separate good 
quality camera is preferred, and the name of the photos can be recorded as attribute data 
attached to its spatial data in the TerraSync so that the corresponding location is recorded.    
Collected data are in Trimble SSF format, and can be easily exported to files in various 
formats. The most useful files are shape files for storing spatial data and DBF files for 
storing attribute data. Using pathfinder office, for point spatial data, its spatial 
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coordinates can also be included in the DBF file. The DBF file can be viewed in 
Microsoft Excel.     
2.4 Structural analysis 
Structural analysis of observed data can be carried out with the help of ArcGIS and 
equal-area projection. Equal-area projections of deformation fabrics in a homogenous 
domain show special patterns which reveal the fabric geometry and serve as a base for 
geometrical analysis. However, a map area is generally a heterogeneous domain, and the 
key to structural analysis is to subdivide the map area into small homogenous domains. 
With ArcGIS the homogeneous domains can be easily determined. Traditionally, oriented 
fabrics, such as foliations, lineations, and fold axes, are plotted by hand on a base map, 
and homogeneous domains are roughly determined from the patterns of the plotted 
fabrics. Structural data from each homogenous domain are potted on an equal-area 
projection to determine the boundaries between domains by trial and error. It can be time 
consuming to determine the boundaries of homogeneous domains although software such 
as Stereonet, Stereopro, and StereoNett, is used for the equal-area projection. In ArcGIS 
rock fabrics can be automatically plotted as oriented symbols and structural data can be 
easily extracted from the database based on their locations (Figure 2.8a). These extracted 
data can be exported to a DBF file for equal-area projection. 
Structural data can be extracted by ArcGIS based on their spatial locations as well as 
their attribute property. Figure 2.8b shows how structural data collected within the shaded 
area are automatically selected by ArcGIS through data query. Of these selected data in 
Figure 2.8b some are the orientations of the ST1 foliation, and they can be selected 
through data query in ArcGIS as well (Figure 2.9). In this way, all collected data are in 
digital format and are ready to be plotted and analysed.  
In our digital mapping system, data are collected in TerraSync and can be easily 
transferred to ArcGIS. With the powerful functions of ArcGIS, collected data managed in 
ArcGIS are easily accessed and organized. Because of the powerful data-management 
function of ArcGIS, it is possible for geologists to do structural analysis of the data when 
they are back at their campsites. Based on the structural analysis of available data, a  
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Figure 2.9 Data query in ArcMap (A component of ArcGIS).  
Data can be extracted not only by their locations but also by their attribute 
properties. Points highlighted in blue are geological stations where their attribute 
data contain orientations of ST1 foliation (orientations stored in “FoliationS” column) 
and stations are within the shaded area. 
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Figure 2.10 Final map construction using layers in ArcMap. 
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preliminary geometrical interpretation model may be set up and guides geologists to 
collect more data to test it. As a consequence, the geologists may make a wise planning 
for their fieldwork the next day, which greatly improves the mapping quality and 
accelerates the field mapping process.    
Unlike traditional field mapping where a second or third trip may be necessary due to 
missed key data, our digital mapping system minimizes the chance of missing necessary 
data. These key data can pertain to an unmapped area or be structural data for testing a 
geometrical interpretation model. With our digital mapping system, collected data 
instantly display on a base map on the device and the geometrical model can be tested in 
the field. These characteristics guarantee that the map area is evenly covered and the 
geometrical interpretation model is solid because it is tested and supported by collected 
data in the field.  
2.5 Final map construction 
The final map is generally constructed at the end of fieldwork back at the lab. Both 
Pathfinder office and ArcGIS can be used to construct the final map, but ArcGIS, 
specifically ArcMap, a component of ArcGIS, is more powerful for map construction. 
Like other graphic software, ArcMap organizes images in layers and overlays them to 
make a final map (Figure 2.10). Rock units mapped in TerraSync can be directly exported 
as a shape file and displayed in ArcMap as a layer. In addition to the mapped rock units, 
areas with no outcrop have to be drawn on the map. Water area is one of them, and water 
coverage shape files are generally supplied by governments and ready to be used in 
ArcMap as a layer. Structural data, such as foliations, lineations, and fold axes, stored as 
attribute data associated with point spatial data can be displayed as oriented symbols in 
layers. For example, in Figure 2.8a foliation symbols are automatically plotted in a layer 
according to their orientations, and the dip angles are automatically labeled by the 
foliation dips stored in the attribute data. In ArcMap, legends, scale and coordinates can 
be automatically generated and are easy to edit. These powerful functions make ArcGIS 
an ideal software for digital map construction.  
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2.6 Conclusion 
The main components of the digital geological mapping system are a Trimble GeoXH 
handheld installed with TerraSync software and a desktop computer installed with GPS 
Pathfinder Office and ArcGIS software that together work seamlessly and productively in 
digital mapping. The Trimble GeoXH handheld is the state-of-the-art GPS device and 
provides very high accuracy. Using TerraSync, data collection becomes simplified with a 
GeoXH handheld. Collected data in SSF format are easily converted to shape files for 
ArcGIS using GPS Pathfinder Office software. With ArcGIS collected data are easily 
accessed for structural analysis and the final geological map is easily constructed.  
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Chapter 3
Structural analysis and its tectonic significance of 
Gowganda Formation near Whitefish Falls, Ontario
3.1 Introduction 
Rocks within the Southern Province are exposed north of Lake Huron and around the 
west part of Lake Superior. North of Lake Huron the Southern province is occupied by 
Paleoproterozoic Huronian Supergroup metasedimentary rocks and the Sudbury Basin 
(Figure 3.1). Structures in the Lake Huron region of the Southern Province include the 
1850 Ma Sudbury impact structures, the NE- to E-trending upright folds, and top-to-the-
N-or-NW reverse faults in the Huronian Supergroup metasedimentary rocks. This chapter 
focuses on the folds.  
Two groups of folds in the Huronian Supergroup metasedimentary rocks have been 
reported in the literature. The first group folds are outlined in Card’s map (Card, 1978) 
and Gibblin et al.’s map (Gibblin et al., 1978) and their wavelengths typically vary from 
kms to tens of kms. These folds are present in the whole Huronian Supergroup 
metasedimentary rocks and are tight folds with axes approximately plunging either west 
or east at various angles (Card, 1978; Gibblin et al., 1978). These folds are referred to as 
regional folds here. The second group are small wavelength folds occurring in outcrops. 
These folds, as far as I know, are only reported in the Gowganda Formation of the 
Huronian Supergroup near Whitefish Falls (e.g., Zolnai et al., 1984; Parmenter et al., 
2002; Young et al., 2004). They are referred to as Gowganda folds here. They have a 
well-developed axial plane cleavage and are all S-folds. Both the regional folds and the 
Gowganda folds have sub-vertical axial planes which strike east-northeast to east. They 
have been interpreted as having developed in a N-S convergent deformation and have 
been used as evidence for the collision of one or more island arc terranes to the south 
margin of Laurentia (Dietz and Holden, 1966; Card et al., 1972; Card, 1978; Zolnai et al., 
1984; Bennett et al., 1991; Roscoe and Card, 1992; Riller et al., 1999).  
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Figure 3.1 Simplified regional geology map (modified from Riller et al. 1999 and 
references therein).  
In the Lake Superior region, the Southern Province rocks contain 2.5-1.9 Ga 
volcanic sedimentary rocks, 1.5 Ga Wolf River batholith, rocks in the 1.11-1.08 Ga 
Midcontinent Rift, and the Wisconsin magmatic terrane. In the Lake Huron region, 
the Southern Province rocks are Paleoproterozoic Huronian Supergroup 
metasedimentary rocks outside the Sudbury Basin and Sudbury Igneous Complex 
and sedimentary rocks within the Sudbury Basin. The Wisconsin magmatic terrane 
(WMT) collided with the Superior Province along the Niagara Fault Zone. This 
collision led to the Penokean Orogeny in the Lake Superior region. ENE-trending 
folds developed in the 2.5-1.9 Ga volcanic sedimentary rocks in the subsequent 
Penokean Orogeny (Cannon, 1973).  
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Although regional folds and Gowganda folds have been studied for decades, the origin of 
the folds in the Huronian Supergroup metasedimentary rocks is still a matter of debate.  
For regional folds, two views on their origin exist. One considers them as structures of 
the 1890-1830 Ma Penokean Orogeny. This is based on the similarity between these folds 
and those in the Lake Superior region which have been interpreted as Penokean folds 
(Brocoum and Dalziel, 1974; Young et al., 2001, 2004). The Penokean Orogeny is 
attributed to the collision of island arc terranes to the south margin of Laurentia around 
1860 Ma. In the Lake Superior region, the island arc terrane is the Wisconsin magmatic 
terrane and the suture zone is the Niagara Fault Zone (Van Schmus, 1980; Bickford et al., 
1986; Sims et al., 1985, 1989; Van Wyck and Johnson, 1997; Figure 3.1). In the Lake 
Huron region, however, the arc terrane and the suture zone for the Penokean collision 
have not been identified, although Dickin and McNutt (1990) suggested a possible 
candidate for the terrane and the suture within the Grenville Province based on Nd model 
age. The second opinion is that folds with wavelength in the order of tens of kms in the 
Lake Huron region are pre-Penokean (Card et al., 1972; Zolnai et al., 1984; Roscoe and 
Card 1992; Riller et al., 1999). These folds are shown in Figure 3.2, and they are the 
Quirke Syncline (QS), the Chiblow Anticline (CA), the McGregor Bay Anticline (MBA) 
and the Frazer Bay Anticline (FBA). These folds have been attributed to the "Blezardian 
Orogeny" (2400-2220 Ma; Stockwell, 1982). The other regional folds, not shown in  
Figure 3.2, have wavelengths typically in the order of kms, are still considered to be 
Penokean (Zolnai et al., 1984; Roscoe and Card, 1992; Riller et al., 1999).  
Compared to the regional folds, Gowganda folds, abundant in the Gowganda Formation 
near Whitefish Falls, have attracted little attention. Shaw et al. (1999) and Young et al. 
(2001, 2004) suggest that the Gowganda folds are products of "soft-sediment 
movements" in a rifting tectonic environment. In their view, these folds developed when 
the sediments were still unconsolidated and they are thus slump folds. However, 
Parmenter et al. (2002) argue that these folds are Penokean deformation structures.  
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Figure 3.2 Faults and regional folds with wavelengths in the order of tens of kms in 
the Southern Province north of Lake Huron (modified from Zolnai et al. 1984).  
Huronian sediments are grouped into the Cobalt Group and the pre-Cobalt Group 
here to show the structural geometry. The Gowganda Formation forms the bottom 
part of the Colbalt Group. The regional distribution of the sediment groups is 
controlled by these folds and faults. These folds are cut by the 1742 Ma (Van 
Breeman and Davidson, 1988) Killarney granite.  
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In this study, detailed structural analysis in a small area in Gowganda Formation near 
Whitefish Falls is carried out in order to determine the origin of the Gowganda folds and 
their relationship with the regional folds. This analysis shows that the Gowganda folds 
are not parasitic folds of the regional folds. Rather, they belong to an older generation 
overprinted by the regional folds. Neither generation can be attributed to the so-called 
"Blezardian Orogeny". They were both formed when the sediments were consolidated in 
the Penokean Orogeny. Based on the structural geometry and overprinting relationship, 
the kinematics of deformation in Lake Huron region of the Southern Province is 
presented and a tectonic model proposed.  
3.2 Geological settings 
The Southern Province lies to the southeast margin of the Superior Province. This study 
focuses on the Southern Province in the Lake Huron region. In the Lake Huron region the 
Southern Province is flanked on the southeast by the Grenville Province and is covered 
unconformably by Paleozoic sediments to the south (Figure 3.2). The Southern Province 
in the Lake Huron area comprises the 2480-2220 Ma (Krogh et al., 1984; Corfu and 
Andrews, 1986) Huronian Supergroup sedimentary rocks which are intruded by 
Nipissing diabase and Killarney granite and overlain by the Sudbury Basin.  
The Huronian Supergroup lies unconformably on the Archean basement of the Superior 
craton, and the deposition has been interpreted to be in a rifting environment. The 
Huronian Supergroup contains four sedimentary groups. The youngest group is the 
Cobalt Group. The pre-Cobalt Groups are interpreted as having been deposited in the 
early stage of rifting while the Cobalt Group was deposited on the rifted passive margin 
(e.g., Young, 1983; Hoffman, 1989; Bennett et al., 1991). The Gowganda Formation is 
the oldest formation of the Cobalt Group and it consists of sandstones, siltstones and 
argillites. All formations in the Huronian Supergroup were intruded by the Nipissing 
diabase (2220 Ma; Corfu and Andrews 1986), which constrains the minimal age for the 
Huronian Supergroup. The Nipissing intrusions occur as dikes or sills. In addition to the 
Nipissing intrusions, the 1742 Ma (Van Breeman and Davidson, 1988) Killarney granite 
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is present along the NW boundary of the Grenville Province and cuts the regional fold in 
the Huronian Supergroup (Figure 3.2).   
The Sudbury Basin lies across the boundary of the Superior Province and the Southern 
Province north of Lake Huron. It consists of the Sudbury Igneous Complex and the 
Whitewater Group sediments. The Sudbury Igneous Complex developed instantaneously 
after the 1850 Ma Sudbury impact by differentiation of the melted upper lithosphere. 
Upon the Sudbury Igneous Complex lie the Whitewater Group sediments. Associated 
with the 1850 Ma impact, breccias were produced and are present both inside and outside 
of the Sudbury Basin. The Sudbury Basin is exposed in an elliptical shape, which has 
been interpreted as caused by shortening in the Penokean, or 1700-1600 Ma Mazatzal-
Labradorian Orogeny, and/or the 1090-980 Ma Grenvillian Orogeny (Shanks and 
Schwerdtner, 1991; Riller and Schwerdtner, 1997; Cowan and Schwerdtner, 1994; 
Mukwakwami et al., 2012).  
Deformation structures in the Huronian Supergroup are represented by folds and faults, 
and have been interpreted as products of collision between Laurentia and exterior terranes 
to the south (Hoffman, 1988; Rivers, 1997; Whitmeyer and Karlstrom, 2007 and 
references therein; Bartholomew and Hatcher, 2010). However, there is no agreement on 
which collisional orogenies were responsible for the structures. In addition to the 2400-
2220 Ma Blezardian Orogeny, the 1890-1830 Ma Penokean Orogeny, the 1700-1600 Ma 
Mazatzal-Labradorian Orogeny, and the 1090-980 Ma Grenvillian Orogeny mentioned 
above, the 1500-1450 Ma Pinwarian Orogeny is proposed or suggested as responsible for 
the structures (Fueten and Redmond, 1997; Mukwakwami et al., 2012).  
3.3 Study area description 
The study area (Figure 3.4) is in the Gowganda Formation in the north limb of the MBA 
(Figure 3.2). The MBA is a tight-to-isoclinal upright fold with fold axis plunging east, 
and its north limb dips steeply north.  
Compared to the neighboring formations, the Gowganda Formation in the Whitefish Falls 
area is highly deformed, and strain is localized in the argillite beds in the middle  
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Figure 3.3 The bedding-parallel strain localization zone in the Gowganda Formation.  
Compiled and modified from Parmenter et al. (2002), Shaw et al. (1999), and Young 
(1982).  
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Figure 3.4 Small wavelength folds of Gowganda bedding, boudins of the Nipissing 
dike, and Sudbury breccias in the Whitefish Falls area.  
All folds in this map are S-folds. A well-developed cleavage (SA) throughout the 
Gowganda Formation is axial planar to the S-folds. 
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Figure 3.5 Folded quartz veins in Gowganda argillite. 
Spaced crenulation cleavage (SA) is defined by biotites in dark brown. The cleavage 
clearly cuts the quartz veins and separates it into segments. The enrichment of 
biotites along the cleavage is due to dissolutional removal of quartz. The Cannon 
camera lens cap is about 6 cm in diameter.   
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Figure 3.6 A fold with axial plane cleavage in Gowganda Formation.  
(a) Folded surface is marked by dark-colored mudstone beds and light-colored 
siltstone beds. A spaced crenulation cleavage (SA) is present and is axial planar to 
the fold. Beds are displaced along the cleavage. Both (b) and (c) show solution effects 
in the development of the SA cleavage in FA folds. The discontinuous displacements 
of the bed across SA are due to dissolutional removal of short limbs (white sections 
in b) of parasitic folds. Strain and stress is localized in the short limbs, and the 
dissolution favors the high strain and stress region of the short limbs.   
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Figure 3.7 Bedding and axial planar differentiated crenulation cleavage on an 
outcrop.  
Gowganda bedding (S0) is shown by the dark-green chlorite-rich beds and the axial 
plane cleavage (SA) is indicated. Note the glacial striations (trending from bottom 
left to upper right).   
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Figure 3.8 Bedding (S0 horizontal in the photo) in Gowganda and axial plane 
cleavage (SA upper left to lower right) in plane-polarized light under the 
microscope.  
The top part and bottom part are chlorite-poor beds and the green-colored middle 
parts are chlorite-rich beds. Among the chlorite-rich beds, a relatively chlorite-poor 
bed can be identified as a relic after the transposition of the bedding by SA which is 
a differentiated crenulation cleavage.  
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Figure 3.9 Gowganda beds in the closure of an FA fold showing the transposition of 
bedding by the axial plane cleavage.  
One quartz-rich bed is traced by the blue line showing the folded surface. Most of 
the quartz-rich beds left are in the shape of ellipses viewed on the outcrop. They 
were short limbs of the parasitic folds. The long limbs of these parasitic folds are at 
very small angles to the SA cleavage (horizontal). 
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Figure 3.10 Differentiated crenulation cleavage (SA upper left to lower right).  
The cleavage is defined by alignment and concentration of elongate mica and 
chlorite in the cleavage septa. Bedding is crenulated and recognizable at some places 
in the microlithons between cleavage septa. Photo is taken under cross-polarized 
light.    
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Gowganda Formation. The strain localized zone has small tight folds and an axial plane 
cleavage is well developed. The study area is within the strain localized zone and is 
covered by the laminated argillite (Figure 3.6 and Figure 3.7) with abundant drop-stones 
in its south part (Figure 3.4). A NW-striking Nipissing diabase dike cuts the Gowganda 
beds. This Nipissing dike is mapped as several segments some of which show pinch and 
swell structures. At least some dike segments are boudins here. Besides the dike, breccias 
are mapped in two narrow zones in the upper center of Figure 3.4. Breccia clasts and 
matrix have the same composition as the Gowganda Formation. 
Folds in the map area have sub-vertical axial planes which are sub-parallel to the local 
north limb of the MBA. Quartz veins and Gowganda argillite beds are folded into these 
folds. The former only occur in several outcrops and have wavelength in centimeters 
(Figure 3.5). A crenulation cleavage defined by biotites is present and it is axial planar to 
the folded quartz vein. The latter are all S-folds and fold axes all plunge west. These S-
folds are referred to as FA folds here. Bedding is generally preserved (Figure 3.7 and 
Figure 3.8). In some outcrops near the closure of folds, bedding is totally obliterated 
(Figure 3.9). An axial plane cleavage (SA) is well developed. The SA cleavage is always 
axial planar to the S-folds (Figure 3.6), and it is clearly a differentiated crenulation 
cleavage in outcrops (Figure 3.7) and under the microscope (Figure 3.10). The cleavage 
in Figure 3.5 has the same orientation as the SA cleavage in folded beddings, and is an SA 
cleavage. I will show later in this chapter how the SA cleavage and the folds in bedding 
and quartz veins developed.   
3.4 Kinematic interpretation of folds in the Huronian 
Supergroup  
Although FA has similar orientation as the MBA, it cannot be parasitic to the MBA. First, 
all FA folds are S-folds plunging to the west. To be parasitic to the MBA on the north 
limb, they should all have been Z-folds plunging toward east. The folds are of the same 
generation as MBA are referred to as FB folds.  
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Figure 3.11 Sudbury breccias in Gowganda Formation.  
The clasts in the breccias are deformed with their long axes preferably aligned along 
the differentiated crenulation cleavage. The SA cleavage goes through the breccias 
and matrix. This is unequivocal evidence that SA therefore FA post-dated the 
Sudbury impact event (see text for details). 
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In this section, the deformation sequence of the two generations of folds is established 
based on analysis of fabrics in the Whitefish Falls area, and then the timing of 
deformation is constrained. 
3.4.1.1 Are FA folds soft sediment deformation? 
The FA folds cannot be products of "soft sediment deformation" as claimed by Shaw et al. 
(1999) and Young et al. (2001, 2004). First, these folds have regular wavelengths (Figure 
3.4; Figure 3.6) and are rather cylindrical, which are typical characteristics of tectonic 
folds. Second, the axial plane SA cleavage is a differentiated crenulation cleavage that 
overprinted on the bedding. It can only develop under solid-state deformation in a 
greenschist-facies metamorphism condition. The differentiation associated with SA 
cleavage is a well-understood process of diffusion by pressure solution and strain-driven 
dissolution (Figure 3.6; Figure 3.9) which are commonly observed (Williams 1972, 1977; 
Wood, 1974; Cosgrove, 1976; Rutter, 1983; Williams et al., 2001). Finally, the SA 
cleavage crosscuts deformed clasts in the Sudbury breccias  implying that the crenulation 
as well as FA folding occurred post the Sudbury event (Figure 3.11; Parmenter et al., 
2002).  
3.4.2 FB folds in the Huronian Supergroup sedimentary rocks 
Structural analysis of the folds in the Huronian Supergroup suggests that all folds on the 
Card's map (Card, 1978) or the map of Gibblin et al. (1978) are of the same generation as 
the MBA, and they are all referred to as FB folds. These regional folds are similar in 
orientation and style and are present throughout the Huronian Supergroup, spaced closely 
together.    
The folds shown in Figure 3.2 are clearly FB folds. They are the Quirke Syncline (QS), 
the Chiblow Anticline (CA), the MBA and the Frazer Bay Anticline (FBA). These folds 
are all symmetrical with axial planes steeply dipping south or approximately vertical. The 
beds can be traced almost continuously from the QS through the CA into the MBA and 
the FBA. These folds have fold axes plunging toward either west or east-northeast at 
various degrees, and are doubly-plunging folds on a regional scale.  
52 
 
 
 
 
Figure 3.12 Doubly-plunging FB fold in the Southern Province.  
(a) A doubly-plunging fold north of Coniston (simplified map in Ames et al., 2005). 
At the lower left part and upper right part of the map are two synforms in the 
Mississagi Formation of the Huronian Supergroup with fold axes plunging 
oppositely. Nipissing diabase intruded in the metasediments as dikes or sills which 
were also folded. The red rectangle shows the area of (b). (b) A syncline in the 
Mississagi Formation of the Huronian Supergroup.  
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The other regional folds not shown in Figure 3.2 are also FB folds. They are also tight 
folds with vertical or steeply dipping axial planes, and are relatively smaller compared to 
folds in Figure 3.2. Riller et al. (1999) claim that these folds have an axial plane cleavage 
and therefore are not the same generation as the folds outlined in Figure 3.2. However, 
the development of an axial plane cleavage depends on the composition of beds. Whether 
there is an axial plane cleavage alone cannot be used to establish a separate fold 
generation. One relatively smaller regional fold occurs north of the Coniston shown in 
Figure 3.12, and similar folds are mapped by Card (1978) from the MBA to west of 
Coniston. These folds locally are simply plunging anticlines or synclines (Figure 3.12b). 
Only at a larger scale are they recognized as doubly-plunging folds (Figure 3.12a). They 
display similar orientation and geometry as folds shown in Figure 3.2, and are interpreted 
here as FB folds. 
The above analysis demonstrates that folds in Figure 3.2, as well as those folds described 
by Riller et al. (1999), such as km-scale folds, are all FB folds.   
3.4.3 Relationship between FA folds and FB folds 
A direct overprinting relationship between FA folds and the FB is not observed on the 
outcrop scale largely due to the difference in wavelengths between the two groups of 
folds. It has been demonstrated that FA cannot be parasitic folds of FB. Field observations 
also suggest that FA folds cannot overprint FB folds. The younging directions of 
sedimentary beds are consistent with regional folds and there is no evidence of a fold 
generation after FB folding (see the cross-section in Figure 3.2). In the Whitefish Falls 
area for instance, the sedimentary beds everywhere face east, which rules out a folding 
event after the MBA folding. Besides, the FA folds are limited within the strain localized 
shear zone that does not affect the MBA, which is consistent with my study that the FA 
folds predate the MBA. The FA folds are syntectonic with the strain localized shear zone. 
There is no map evidence that the continuity of the MBA fold is displaced by the shear 
zone. Therefore the FA folds are prior to the FB folds.  
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3.4.4 Structure evolution of FA folds and FB folds 
Field observations support that FA folds developed in a bedding-parallel shearing. First, 
the FA folds are only observed within the strain localized zone in the argillite beds in the 
Gowganda Formation. Second, the fold axial planes of all FA folds and the associated SA 
cleavage are approximately parallel to the contact between Gowganda Formation and 
other sedimentary formations. Third, the FA folds occur only on a small scale. The 
enveloping surface of FA folds is the overall bedding of the Gowganda formation. Fourth, 
boudinaged Nipissing dikes, as far as I know, have been only observed in the Gowganda 
Formation. The above observations are only possible when the FA deformation is limited 
within a shear zone in the Gowganda Formation parallel to the bedding (Figure 3.3; 
Figure 3.13). This type of shearing is best explained by bedding-parallel shearing. The 
extensive FA folds, penetrative SA cleavage, and boudinaged Nipissing dike represent the 
deformation in the strain localized shear zone in the Gowganda Formation.    
The shear direction of the shear zone in the Gowganda argillite can be constrained. If the 
FB folding effect is removed from this area, the FA folds would be S-fold viewed north 
with axes horizontal and trending approximately north-northeast, and the Nipissing dike 
would dip east-southeast in the shear zone (Figure 3.14a). The asymmetry of the folds 
and orientation of boudinaged Nipissing dike indicate that the deformation in the shear 
zone was a top-to-the-northwest shearing. 
Unlike FA folds, FB folds are observed in the whole Huronian Supergroup as regional-
scale folds. They developed in a N-S-directed buckling. All fold axial planes of the FB 
folds are sub-vertical or dip steeply south. The orientation and geometry of the FB folds 
clearly indicate that the FB folds are formed by N-S-directed shortening of the sub-
horizontal sedimentary beds.  
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Figure 3.13 A vertical cross-section showing how a folded quartz vein and a 
boudinaged dike developed in a bedding-parallel shearing in the strain localized 
zone in Gowganda argillite.  
(a) An intruded Nipissing dike is vertical and its branches are along bedding as sills. 
(b) Various deformation fabrics developed in the bedding-parallel shearing. ①: 
quartz veins were folded and the crenulation cleavage (SA) developed (see field 
photo Figure 3.5).  ②: Gowganda bedding was folded into S-folds (FA) and the SA 
developed axial planar to the S-folds (see Figure 3.4 and Figure 3.6).  ③: The 
Nipissing dike was boudinaged (see Figure 3.4).  
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Figure 3.14 Block diagrams showing the sequential development of FA and FB folds.  
(a) Bedding-parallel shearing was localized in the Gowganda Formation. The shear 
sense is top to the northwest, due to collision in the south. Asymmetrical FA folds 
developed and the Nipissing dike was boudinaged during the bedding-parallel 
shearing in the Gowganda Formation. (b) The whole Gowganda Formation rocks 
are folded to develop the up-right MBA (FB fold) with fold axis plunging east. FA 
folds in the north limb of the anticline were rotated to have fold axes plunging west. 
(c) Killarney granite emplaced. South part of the area became part of the Grenville 
Province. The top surface of the block is flat. Gowganda formation above the top 
surface is sketched using dashed lines.  
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With the above analyses, the structure evolution of the Whitefish Falls area can be 
described by Figure 3.14. After depositing of the Huronian sediments, Nipissing diabase 
intruded at 2220 Ma, and the breccias were produced during the 1850 Ma impact. After 
the brecciation the FA folds developed due to top-to-the-northwest bedding-parallel 
shearing concentrated in the Gowganda argillite (Figure 3.14a). During the shearing, 
asymmetrical FA folds developed and the Nipissing dikes were boudinaged (Figure 3.13; 
Figure 3.14a). After the FA folding, the sub-horizontal strain-localized zone was folded 
along E-W axis by FB folds which control the distribution of the lithological domains in 
the Huronian Supergroup sediments (Figure 3.14).  
3.4.5 Timing of FA folds and FB folds 
In the Whitefish Falls area the cleavage clearly goes through both the Sudbury breccias 
and the surrounding matrix (Figure 3.11), implying that brecciation is prior to the FA. The 
breccias have been interpreted as the 1850 Ma Sudbury breccias (Church and Young, 
1972; Card, 1976; Frarey et al., 1982; Parmenter et al., 2002), and thus FA folding took 
place after 1850 Ma. The MBA is truncated by the 1742 Ma Killarney granite (Card, 
1978), and therefore the FB folding occurred before 1742 Ma. Based on the above 
crosscutting relationship, it can be concluded that both the FA and the FB folding took 
place in the interval between 1850 Ma and 1742 Ma. No orogeny, except for Penokean 
Orogeny, has been reported to overlay this time interval in the region nearby. Therefore 
the FA and the FB folds are attributed to the Penokean Orogeny. Since the Penokean 
Orogeny is between 1890-1830 Ma in Lake Superior area (Van Schmus, 1976), the FA 
and the FB folds are interpreted as occuring between 1850 and 1830 Ma.  
3.5 Tectonic implication  
The structural analysis of the fabrics in the Huronian Supergroup metasedimentary rocks 
leads to recognition of two generations of folds both of which are attributed to the 
Penokean Orogeny. The evolution of the Penokean Orogeny in the Huronian Supergroup 
metasedimentary rocks revealed by the two generations of folds has significant 
implications for the Penokean Orogeny in the Lake Huron region.  
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The FA folds developed in a bedding-parallel and top-to-the-NW shearing in the strain 
localized zone in Gowganda argillite. The bedding-parallel shearing suggests that the 
shear plane was horizontal or shallowly dipping. The FA folds can be interpreted as 
having developed in a flat segment of a thrust. The shear sense of the thrust zone is top to 
the NW. This interpretation is consistent with the collisional Penokean Orogeny in which 
thrust faults develop at the front of the orogens and propagate toward the foreland.  
The FB are upright buckling folds with axial planes steeply-dipping south. They 
developed in a N-S-directed shortening. Their style is similar to the folds in the foreland 
of younger collisional orogens such as those in the Southern Appalachians and Canadian 
Rockies.  
Considering the tectonic environment of the FA folds and the FB folds, it is concluded that 
the FA and the FB folds developed in a foreland fold-and-thrust belt. The development 
process of the fold-and-thrust belt is illustrated in Figure 3.15. As shown in the model, in 
the N-S shortening of Penokean Orogeny, the lithosphere was thickened and the orogen 
propagated toward the foreland by developing thrusts (or thrust zones) and FB folds. 
Some of the thrusts have been mapped and are shown as reverse faults in Figure 3.2. At 
the beginning of shortening, shallowly dipping thrust zones developed. The shallowly 
dipping thrusts generally have a ramp-flat geometry. The Gowganda Formation is less 
competent compared to the formations above and below (mainly sandstone), and the flat 
segments of thrust zones tend to be within the Gowganda argillite (Figure 3.15a).  The 
shearing in the thrust zone in the Gowganda Formation produced the FA folds (Figure 
3.15b). In the continuous shortening, the whole Gowganda Formation was folded to 
develop FB folds, and new thrusts developed (Figure 3.15c). This model shows that the 
two generations of folds developed in a continuous convergence process during which the 
Penokean Orogen propagated toward the foreland.  
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Figure 3.15 A Fold-and-thrust belt tectonic model for the development of FA folds 
and FB folds. 
(a) In the convergence process of the Penokean Orogeny, shallowly-dipping thrusts 
were initiated. Part of a thrust was in the Gowganda Formation. (b) Gowganda-
bedding-parallel shearing led to the development of FA folds in the Gowganda 
Formation. (c) Thrusts and beds were folded to develop regional FB folds. 
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This model is compatible with the fold-and-thrust belt in the Lake Superior region. The 
Penokean fold-and-thrust belt in the Lake Superior region is documented by Holst, (1984, 
1991), Holm et al. (1988), Klasner et al. (1991), Southwick and Morey, (1991), and 
Gregg, (1993) and occurred around 1840 Ma (Schulz and Cannon, 2007). The fold-and-
thrust belt north of Lake Huron in this study took place in the interval of 1850 Ma to 
1830 Ma, compatible with that in the Lake Superior region. Moreover, the kinematics of 
the two fold-and-thrust belts are the same, both indicating a N-S-directed convergence. 
Therefore, the fold-and-thrust belt model for the Lake Huron region not only well 
explains field observations, but also fits the regional tectonic framework well.  
3.6 Conclusions 
Structural analysis of the fabrics in the Whitefish Falls area in the Huronian Supergroup 
accounts for two generations of folds and demonstrates that both of them developed in 
the fold-and-thrust belt in the Penokean Orogeny between 1850 and 1830 Ma. The first 
generation of folds are cm-to-m-scale folds within the strain localized zone in the 
Gowganda Formation in the Whitefish Falls area, and these folds were produced in the 
zone with top-to-the-NW shear sense in the Penokean Orogeny. The second generation 
folds are km-to-tens-of-km-scale folds, and these folds compose the fold belt of the 
Penokean Orogeny.   
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Chapter 4
Structural analysis and tectonic implications of 
deformation fabrics in the Grenville Front Tectonic Zone 
and the Britt Domain between the Sudbury Basin and 
French River in Ontario, Canada 
4.1 Introduction 
Field-based structural analysis to establish the geometry of outcrop-scale structures and 
their overprinting relationships is critical in deciphering large scale tectonic evolution 
especially in complexly-deformed mountain belts (e.g., Paterson and Weiss, 1961; Turner 
and Weiss, 1963; Passchier and Trouw, 1996; Jiang and Williams, 1999; Searle, 1986; 
Gray and Mitra, 1993; Grujic et al., 1996; Johnston et al., 2000; Williams and Jiang, 2005; 
Zhang et al., 2009).    
The Grenville Province was shaped in the continent-continent collision between 
Laurentia and another continent (Moore, J. M., 1986; Hoffman, 1991; Karlstrom et al., 
2001; Whitmeyer and Karlstrom, 2007; Gower et al., 2008) during the 1090-980 Ma 
Grenvillian Orogeny (Rivers, 1997, 2008, 2009). The Grenville Province is a complexly 
deformed area (e.g., Davidson, 1995; Culshaw et al., 1997; McLelland et al., 2010). The 
Grenville Front Tectonic Zone (GFTZ) and the Britt Domain between the Sudbury Basin 
and French River in Ontario, Canada are the northwest part of the Grenville Province 
(Figure 4.1). Large scale structural analysis of fabrics in the area has not been done.  
In this chapter, I first present the structural analysis of the GFTZ and the Britt Domain, 
and then use the results to constrain the evolution of the Grenvillian Orogen.  
4.2 Geological background 
The Grenville Province lies in the southeast part of the Canadian Shield and is the 
youngest geological province in the Shield. It is separated from the Southern Province, 
the Superior Province, the Churchill Province, and the Nain Province by the Grenville  
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Figure 4.1 Map showing the location of the study area in the Grenville Province.  
The Superior, Churchill, Nain, and Southern Provinces are parts of Laurentia, and 
lie northwest to the Grenville Province. Subdivisions of the west part of the 
Grenville Province are based on Wynne-Edwards (1972): GFTZ=Grenville Front 
Tectonic Zone, CGB=Central Gneiss Belt, CMB=Central Metasedimentary Belt, 
and CGT=Central Granulite Terrane. The northwest part of the CGB is further 
divided into the Britt, the Shawanaga, and the Parry Sound Domains. A-A' is the 
location for the seismic reflection profile in Figure 4.2. The rectangle shows the 
study area in this chapter and its geological map is Figure 4.5.  
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Figure 4.2 Seismic reflection profile across the Georgian Bay (From Green et al., 
1988).  
The fabrics in the Grenville Province truncate the fabrics in the Southern Province. 
The sub-horizontal fabrics in the Southern Province are overall enveloping surfaces. 
The southeast-dipping fabrics in the GFTZ are compositional layers.  
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Front which is defined geologically by mylonite zones and faults (Wynne-Edwards, 1961; 
Brooks, 1967; Brown, 1967; Stockwell et al., 1970; Baer, 1976; La Tour, 1979; Davidson, 
1984, 1986; Davidson and Ketchum, 1993).  
In the vicinity of the study area covered in this chapter, other than the Grenville Province, 
only the Superior Province and the Southern Province are involved. The Superior 
Province near the study area consists of Archean gneisses of various origins. The 
Southern Province is composed of the 2480-2220 Ma Huronian Supergroup 
metasedimentary rocks which were deposited unconformably on the Superior Province 
(Card, 1978; Zolnai et al., 1984). The Huronian Supergroup has been interpreted as 
having been deposited in a rifting tectonic environment (e.g., Young, 1983; Hoffman, 
1989; Bennett et al., 1991). Both the Archean basement gneisses and the Huronian 
Supergroup sedimentary rocks were intruded by Paleo- to Mesoproterozic igneous rocks 
(Corfu and Andrews 1986; Van Breemen and Davidson, 1988; Rivers, 1997). In the study 
area, sub-horizontal fabrics in the Southern Province are truncated by moderate to steeply 
dipping fabrics in the Grenville Province (Figure 4.2). 
Rocks within the Grenville Province have various origins. The Allochthon Boundary 
Thrust (Rivers et al., 1989), which is a crustal-scale shear zone, divides the Grenville 
Province into two parts (Figure 4.3). The Allochthon Boundary Thrust is regarded as the 
southeast limit where reworked rocks of the old provinces (the Southern, the Superior, 
the Churchill, and the Nain Provinces) can be recognized. From this point of view, rocks 
SE of the Allochthon Boundary Thrust in the Grenville Province are referred to as the 
Allochthonous Polycyclic Belt, and those NE of the thrust as the Parauthochthonous Belt 
(Rivers et al., 1989). In the Parauthochthonous Belt, Archean and Paleoproterozoic rocks 
of the southeast margin of the old provinces had been deformed and metamorphosed. In 
the allochthonous part, volcanic arcs and oceanic terranes were added during middle 
Paleoproterozoic to late Mesoproterozoic (Hoffman, 1989; Rivers, 1997; Karlstrom et al., 
2001; Whitmeyer and Karlstrom, 2007). The number of volcanic arcs and oceanic 
terranes accreted to the Parauthochthonous Belt, as well as the positions of the suture  
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Figure 4.3 Accreted terranes before Grenvillian Orogeny in the west Grenville 
Province.  
The Elzevirian Orogeny occurred during 1245-1225 Ma, and the Shawinigan 
Orogeny occurred during 1190-1140 Ma (Rivers, 1997, 2008, 2009). 
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zones, is still highly controversial (Condie and Moore, 1977; Windley, 1986; Corriveau, 
1990; Gower and Tucker, 1994; Davidson, 1995; Smith and Harris, 1996; Wodicka et al., 
1996; Dickin, 1998; Hanmer et al., 2000; Karlstrom et al., 2001). Some identified 
terranes are shown in Figure 4.3. Both the Parauthochthonous Belt and the Allochthonous 
Polycyclic Belt were subsequently deformed during the continent-continent collision 
between the Laurentia and another continent, probably the Amazonia craton, between 
1090 and 980 Ma to form part of the supercontinent Rodinia (Karlstrom et al., 2001; 
Whitmeyer and Karlstrom, 2007). The suture zone for this collision has not been 
identified within the Grenville Province, and it is believed to be out of the Grenville 
Province, under the Appalachians (Dewey and Burke, 1973; Rivers, 1997).  
Wynne-Edwards (1972) divided the Grenville Province into seven parts in terms of rock 
assemblages, structural styles, and dominant fabric orientations. Four parts present in the 
west Grenville Province are respectively the GFTZ, the Central Gneiss Belt (CGB), the 
Central Metasedimentary Belt (CMB), and the Central Granulite Terrane (CGT) (Figure 
4.1). The Central Gneiss Belt consists of amphibolite to granulite facies gneisses most of 
which are migmatites. The CGB is further divided into several domains including the 
Britt, the Shawanaga, and the Parry Sound Domains, separated from each other by ductile 
shear zones (Figure 4.1; Davidson, 1984; Culshaw et al., 1997; Culshaw and Dostal, 
2002; Culshaw, 2005). In the west of the Grenville Province, the GFTZ and the Central 
Gneiss Belt together, without the Parry Sound Domain, have been interpreted as 
reworked pre-Grenvillian Laurentia and pre-Grenvillian Laurentian margin (Culshaw et 
al., 1997; Carr et al., 2000). The Central Metasedimentary Belt without its southeast part 
has been interpreted as an arc or arcs (Brown et al., 1975; Bartlett, 1983; Windley, 1986; 
Easton, 1992; Carr et al., 2000), and is referred to as the Composite Arc Belt (Carr et al., 
2000; Figure 4.3). The Composite Arc Belt was attached to the Central Granulite Terrane, 
leading to the Elzevirian Orogeny, and both were subsequently amalgamated to the pre-
Grenvillian Laurentia in the Shawinigan Orogeny during 1190-1140 Ma (Windley, 1986; 
Culshaw et al., 1997; Carr et al., 2000). The Parry Sound Domain, the Composite Arc 
Belt, and part of the Central Granulite Terrane in the west Grenville Province are 
therefore regarded as accreted terranes (Carr et al., 2000; Rivers, 2008, 2009; Figure 4.3).   
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Figure 4.4  Regional folds in the eastern Georgian Bay area of Ontario, Canada.  
Simplified from Harris et al. (2002). The folds are NW-trending and present almost 
everywhere in the Central Gneiss Belt (CGB). These folds are also identified in my 
study (F3 folds) in the GFTZ where they have been overprinted significantly by the 
Grenville Front mylonite zone deformation. 
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The GFTZ is a NE-SW trending zone in the NW part of the Grenville Province. It has a 
dominant SE-dipping foliation. The northwest margin of the GFTZ is the Grenville Front 
where shear sense indicators suggest top-to-the-NW thrusting (Brown, 1968; La Tour, 
1979; Davidson, 1986, 2001; Bethune, 1994). Rocks in the GFTZ are gneisses with 
various origins. The GFTZ consists of reworked equivalence of Huronian Supergroup 
metasediments, Superior Province gneiss, and igneous intrusions from Paleo- to 
Mesoproterozic (Lumbers, 1975; Davidson, 1995; 2001). The Britt Domain consists of 
metasediments and abundant plutons emplaced between 1750-1600 Ma and between 
1470-1240 Ma (Van Breemen et al., 1986; Corrigan et al., 1994; Wodicka et al., 1996; 
Carr et al., 2000; Ketchum and Davidson, 2000). Unlike the GFTZ, the Britt Domain is 
characterized by NNW-trending regional-scale tight folds which are clearly visible in 
Google Earth satellite images. Folds with the same style are present southeast of the 
Allochthon Boundary Thrust in the interior of the Central Gneiss Belt (Figure 4.4). These 
folds have axial planes nearly perpendicular to the trend of the GFTZ and the Grenville 
Orogen as a whole. They have been referred to as transverse folds (Jamieson et al., 1995; 
Culshaw et al., 1997; Harris et al., 2002).  
The Shawanaga Domain and the Parry Sound Domain lie to the south of the Allochthon 
Boundary Thrust. The Shawanaga Domain consists mainly of metasediments and is 
interpreted to represent deposition on the pre-Grenvillian Laurentian margin (Culshaw et 
al., 1994, 1997; Carr et al., 2000; Culshaw and Dostal, 2002). The Parry Sound Domain 
contains quartzite, 1430-1330 Ma orthogneiss and metaplutonic rocks ranging from 
gabbro to granite. The Parry Sound Domain is thought to have been derived from a 1.5-
1.4 Ga magmatic island arc and back-arc sediments accreted to the Shawanaga Domain in 
the Shawinigan Orogeny (Dickin and McNutt, 1989; Wodicka et al., 1996; Culshaw et 
al., 1997; Ketchum and Davidson, 2000; Figure 4.3). Rocks in both the Shawanaga and 
the Parry Sound Domains are penetratively deformed (Culshaw et al., 1997). 
4.3 Deformation structures and overprinting relationships 
A sequence of structures related to successive deformation phases, according to their 
kinematic compatibility and geometrical styles, is revealed by detailed geological  
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Figure 4.5 Detailed structural map of the study area.  
The lithology is simplified from Lumbers (1975). Four generations of folds are 
shown in this map. F1/2 folds and the accompanying 1TS  foliation belong to D1 
deformation. F3 folds belong to D2 deformation and F4 folds belong to D3 
deformation. The Grenville Province part (the GFTZ and the Britt Domain) in the 
map is divided into four homogeneous domains (A, B, C, and D) by the dark green 
dashed lines. A small index map is at the bottom right showing the four 
homogeneous structural domains. The rectangle at the top left is the area for the 
block diagram in Figure 4.18. Datum used in the map is North American Datum of 
1983, and the coordinate system is Universal Transverse Mercator (UTM). The area 
is in the UTM Zone 17 north. 
 
79 
 
mapping in the study area. Rocks in the study area display fold interference patterns and 
shear zones that can be resolved into three principal phases of deformation (D1-D3). D1 
deformation produced isoclinal folds and led to the formation of a compositional layering 
transposition foliation ( 1TS ). D1 fabrics were then deformed to form regional scale folds 
in D2. Regional transverse folds of Culshaw et al. (1994) are products of D2 deformation. 
Subsequent D3 deformation folded the compositional layering at each limb of the regional 
scale folds and finally led to development of NE-trending mylonite zones at the Grenville 
Front. Deformation in the GFTZ occurred in all three phases. For simple description, the 
study area is divided into four structurally homogeneous domains called A, B, C and D, 
each of which is dominated by fabrics in one or more deformation phases (Figure 4.5). 
The concept of homogenous domain is routinely used in structural analysis (Turner and 
Weiss, 1963), and should not be confused with tectonic domains, such as the Britt, the 
Shawanaga, and the Parry Sound Domains. The GFTZ roughly coincides with Domain D. 
4.3.1 D1 
Fabrics developed in D1 phase are the transposition foliation ( 1TS ) and tight to isoclinal 
folds. The 1TS  foliation is present and identifiable everywhere except at the Grenville 
Front where it is further transposed by a mylonitic foliation ( 2TS ) (Figure 4.5). On the 
outcrop scale, 1TS  is a compositional layering defined by units of various origins (e.g., 
sedimentary layers, plutons, and dikes; Figure 4.6). At least two generations of folds can 
be recognized. They are referred to as F1 or F2. The F1 and F2 folds are typically isoclinal, 
and vary in scale from hand specimen to regional scale (Figure 4.5; Figure 4.7; Figure 
4.8). F1 and F2 folds have similar styles and are only distinguishable when they are 
present on the same outcrop and show overprinting relationship (Figure 4.7). Where 
overprinting is not observed, it is not possible to distinguish them and they are denoted as 
F1/2 folds. These folds may have an axial plane foliation in some places. The geometrical 
axial surfaces of F1 and F2 folds are always parallel to the 1TS  foliation. The 1TS  foliation 
is interpreted as having developed in a non-coaxial flow which led to the formation and  
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Figure 4.6 1TS transposition foliation defined by composition layering.  
This layering is observable throughout the work area and it defines all generations 
of folds. Granite has been transposed to a layering ( 1TS ). Note an isoclinal rootless 
F1/2 fold, defined by a granite layer, is parallel to the transposition foliation. Cannon 
camera lens cap (diameter = 6 cm) on the outcrop for scale. Field photo is from 
Domain D. 
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Figure 4.7 F1 isoclinal folds and F2 tight to isoclinal folds in granitic gneiss. 
This outcrop is about 5 km northeast of Noelville (Universal Transverse Mercator 
coordinates of the outcrop: 546702E, 5113117N in the north part of Zone 17).  
In this photo, the F1 are isoclinal folds, and they are folded by the tight to isoclinal 
F2 folds. The red lines show part of the trace of fold axial planes. My field assistant 
Frank is at the top of the outcrop for scale.  
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Figure 4.8 Isoclinal F1/2 fold shown on a cliff face. 
The red line indicates the fold surface. The fold surface is also indicated by the 
mafic dike segments on the cliff. The cliff is about 50 meters away from the outcrop 
in Figure 4.7.  
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Figure 4.9 Recumbent F1/2 fold outlined by the trace of amphibolite dikes.  
Where 1TS  and F1/2 have not been reoriented by subsequent deformation, 1TS  are 
sub-horizontal and the F1/2 are recumbent folds.   
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repeated folding of compositional layers (Williams and Jiang 2005). Folds developed in 
the compositional layers were tightened by progressive deformation until isoclinal and 
generally rootless. These tight to isoclinal folds present within the transposition foliation 
may have various origins (Carreras, et al., 2005). Some may be inherited folds which 
predate D1 deformation. These inherited folds were tightened, transposed and reoriented 
by D1 deformation. Others were formed in D1 deformation either by folding of existing 
layers (sedimentary bedding, metamorphosed foliation, and dike) or by folding of 
transposed layers which were themselves formed in the D1 progressive deformation. All 
these folds are highly transposed and most are rootless. It is very difficult or impossible 
to decipher the origins of each individual fold in transposed rocks (Carreras, et al., 2005).   
On the planes of 1TS  generally develops a mineral lineation (L1) which is commonly 
defined by elongate minerals. Dismembered and rootless F1/2 folds generally have their 
fold hinges approximately parallel to or inclined at acute angles to the local L1 mineral 
lineation. 
4.3.2 D2 
Fabrics developed in D2 phase are NNW-trending folds with 1TS  foliation as the fold 
surface. These folds overprinted on F1/2 and are called F3 folds (Figure 4.5). They are 
symmetrical regional-scale folds which are clearly shown in aerial photos and the 
geological map of Domain B (Figure 4.5). Because of its large scale, a complete F3 fold 
cannot be observed in a single outcrop. F1 and F2 are present in segments of F3, and the 
orientations of their axial planes as well as 1TS  foliation outline the fold surface of F3 
(Figure 4.5). F3 are tight-to-open folds without an axial plane cleavage. They differ from 
F1/2 by their interlimb angle, orientation, and scale. F3 have larger interlimb angles than 
F1/2. They are NNW-trending while F1/2 orientations vary with 1TS  foliation. F3 are 
symmetrical with fold axes generally shallowly plunging SSE. They are regional scale 
folds with amplitudes of more than 5 km while F1/2 are generally outcrop scale folds.  
Axial plane foliation and lineation were not developed in D2 phase. In the field, no axial 
plane foliation or lineation has been observed associated with F3 folds. In Domain A, the 
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D2 effect is minor. In Domain B, F3 are tight folds. F3 in the area have one limb dipping 
ESE, and the other WSW. In Domain C, F3 is absent. In Domain D, F3 exist but they have 
not been reported in the literature. F3 there are open folds, typically with one limb 
dipping ESE and the other S. Compared to those in Domain B, F3 in Domain D have 
larger interlimb angles, which is a consequence of D3 superposition (see below). 
Lineations in Domains A, B and C are inherited and are L1 lineations. Lineations in 
Domain D are also L1 except at the Grenville Front where they were completely erased in 
subsequent D3 deformation.   
4.3.3 D3 
In the study area, E- to NE-trending folds are widely developed in this deformation 
phase. These folds folded 1TS  foliation. They are outcrop- to map-scale folds with axial 
planes subprarallel to the Grenville Front (Figure 4.10). These folds overprinted on F3 in 
Domain D and on F1/2 in Domain C, and they are called F4 (Figure 4.5). A direct 
overprinting relationship between F3 and the E- to NE-trending folds (F4) is not observed 
on the outcrop scale in Domain D, and this is due to the different scales of the two 
generations of fold wavelengths. Field observations suggest that the E- to NE-trending 
folds overprinted on F3. These folds are called F4. No F4 developed in Domains A and B. 
The overprinting relationship between the E- to NE-trending folds (F4) and the other 
generations of folds will be described in detail below.  
The E- to NE-trending folds belong to a generation that is different from F3. In Domain D, 
the E- to NE-trending folds have axial planes almost orthogonal to those of F3. They are 
S-folds on the ESE-dipping limbs of F3 folds and Z-folds on the S-dipping limbs of F3. 
The orientations and asymmetries of these folds indicate that they are not parasitic folds 
of F3 but belong to a different fold generation.  
The E- to NE-trending folds overprint on F3, and they are F4. In Domain D, F3 are at the 
regional scale and the E- to NE-trending folds are at the outcrop scale. If F3 overprinted 
on these folds, their axial plane would not consistently strike E to NE. In the field, it has 
been observed that all axial planes of these folds are approximately parallel to the 
Grenville Front. The consistent orientations indicate that these folds postdate F3. In  
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Figure 4.10 Distribution of F4 fold axial planes.  
The F4 axial planes are approximately parallel to the Grenville Front which is the 
planar boundary between the Southern Province and the Grenville Province. The 
axial planes are all steeply dipping. 
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Figure 4.11 Structural map and lower-hemisphere equal-area projection of F4 axes.  
This map shows F4 asymmetry and fold axis orientations. The enveloping surface of 
1TS  is also outlined showing that the F3 folds are symmetrical open regional folds. 
The small scale folds folding 1TS  are NE-trend F4 folds. Their asymmetry and 
plunging direction vary depending on which F3 limb they are on. In this projection, 
S-folds are plotted as blue, Z-folds green, and M-folds: black. Most F4 Z-folds 
plunge SW, and S-folds NE.  
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Figure 4.12 F4 Z-folds in migmatitic gneiss.  
The outcrop is at the south side of highway 17E (UTM coordinate: 528017E, 
5151700N). It is on the S-dipping limb of the F3 fold between Stinson and Callum 
(Figure 4.11). The F4 folds are outlined by the black line.  
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Figure 4.13 F4 folds overprinting on F1/2 folds.  
Red dashed lines outline the F1/2 fold surfaces. The F4 folds are of a chevron style. 
(a) F4 S-fold overprinting on a F1/2 fold in migmatite. The camera lens cap is 6 cm in 
diameter. (b) F4 M-fold overprinting on F1/2 folds in sammite. The pencil is on the F4 
fold axial plane. (c) F4 Z-fold overprinting on F1/2 folds in metasedimentary rocks. 
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Figure 4.14 F4 folds folding 1TS  transposition foliation.  
Photo (a) shows F4 folds without axial plane foliations. (b) shows F4 tight folds and 
the transposition foliation ( 2TS ) development in replacement of 1TS . 
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Figure 4.15 Mylonitization of meta-sandstone.  
S-C fabrics in the mylonite zone south of Coniston at the Grenville Front. This 
photomicrograph was taken under cross polarized light. The upper half of the photo 
shows clear oblique foliation. The oblique foliation defined by long axes of 
recrystallized quartz grains (S foliation: upper left to lower right) and mica (C 
foliation: horizontal) shows top-to-the-NW shear sense of the mylonite zone. 
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addition to that, the fold asymmetry and axis orientations make perfect sense if they are 
interpreted to have overprinted on F3. The E- to NE-trending folds are S-folds with fold 
axes plunging NE if they are on the ESE-dipping limbs of F3 folds, and Z-folds with fold 
axes plunging SE if on the S-dipping limbs of F3 folds (Figure 4.5; Figure 4.11; Figure 
4.12; Figure 4.13a). The fold axis orientations coincide with the intersections of their 
axial pane and two limbs of F3 (Figure 4.10; Figure 4.11; Figure 4.18). In Domain C, 
these folds are upright and strike east. Due to the absence of F3 in this domain, there is no 
overprinting of the E-trending folds on F3. However, upright E-trending folds have 
similar orientations as the F4 folds in Domain D, and they are also F4.   
F4 can be differentiated from F1/2 by orientation, style, and most importantly, overprinting 
relationship (Figure 4.5; Figure 4.13; Figure 4.14). F4 axial planes are always 
approximately parallel to the Grenville Front, while F1/2 can be in any orientation due to 
overprinting of D2 and D3. F4 are generally tight folds while F1/2 are generally isoclinal 
folds. In Domain D, F4 are centimeters to meters in scale, and are asymmetrical folds. 
These folds are of a chevron style (Figure 4.13). In Domain C, F4 are kilometers in scale 
and are symmetrical folds. F4 overprinting on F1/2 can be observed either in the field at 
the outcrop scale in Domain D (Figure 4.5) or on the map in Domain C (Figure 4.13).  
F4 may develop an axial plane foliation as the Grenville Front is approached. Away from 
the Grenville Front, F4 are generally tight folds without axial plane foliations. As the 
Grenville Front is approached from SE, F4 are more likely chevron folds with smaller 
interlimb angles and axial plane foliations (Figure 4.14). Where the strain is high, the 
axial plane foliations become a new transposition foliation ( 2TS ) and finally mylonitic 
foliations at the Grenville Front. This observation suggests that the mylonites at the 
Grenville Front are products of D3 deformation, marking a more advanced strain stage 
than F4 folds and 2TS  foliations. Shear sense indicators in the mylonites zones suggest 
top-to-the-NW thrusting (Figure 4.15). The evolution of the folds and their relationship 
with the mylonite zone will be described in detail in Chapter 6.  
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4.4 Geometrical analysis 
The orientation of 1TS  foliation varies in the study area covered in this chapter. In 
Domain A, it is sub-horizontal to SE dipping and has L1 lineations plunging SE on it 
(Figure 4.5; Figure 4.16). The relatively constant orientations of 1TS  and L1 suggest that 
Domain A has hardly been affected by subsequent deformations. Similar to 1TS , 
wherever the effect of subsequent deformation is minor, axial planes of F1/2 are sub-
horizontal and the F1/2 are recumbent folds (Figure 4.9). In Domain B, 1TS  is deformed 
and defines fold surfaces of SSE-trending regional scale folds which can be easily 
identified in Google Earth images and the geological map (Figure 4.5). These regional 
scale folds overprinted on 1TS  and F1/2. They are F3 folds. L1 lineations are sub-parallel to 
the F3 fold axis in Domain B which suggests that they were modified and rotated in D2 
phase (Figure 4.16). In Domain C, the 1TS  foliation was deformed and defines fold 
surfaces of E-trending upright folds (Figure 4.5). These folds have different style and 
orientation from the F3 folds. They are F4 folds. The poles to the fold surface form two 
incomplete small circles in a lower-hemisphere equal-area projection (Figure 4.17). 1TS  
foliations at the NE-trending limbs of the folds are plotted on a small circle with center in 
the upper part of the stereonet while those at the SE-trending limbs are plotted on the 
other small circle with center in the lower part of the stereonet. The centers of the two 
small circles are symmetrical about the F4 fold axial plane. The pattern of the 1TS  
foliations on the stereonet is interpreted to represent upright folds (F4) overprinting on a 
dome-and-basin-shaped structure (Figure 4.17). 1TS  foliation is also present in Domain D 
except at the Grenville Front, where 1TS  foliation is overprinted and replaced by NE-
trending transposition foliation 2TS  or mylonitic foliation. In Domain D, 1TS  foliations 
strike in a wide range of orientations, but most of them strike NE and dip steeply (Figure 
4.5). The pattern of 1TS  foliation orientations is due to the overprinting of F4 folding 
(Figure 4.12; Figure 4.13; Figure 4.14).   
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Figure 4.16 Lower-hemisphere equal-area projections of L1 lineations and 1TS  
foliation in Domains A and B.  
Poles to ST1 are plotted as black circles, and L1 lineations as black triangles. In these 
two domains (Domains A and B), the 
1TS
π  lie on the great circle girdle with its pole 
parallel to the F3 fold axis.     
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Figure 4.17 Geometry of 1TS  foliation in Domain C.  
(a) and (d) are Lower-hemisphere equal-area projections of 1TS . (d) shows the 
measured 1TS  orientations in the field in Domain C. The blue circles represent poles 
to the 1TS  measured on the SE-dipping limbs (blue areas in (e)) of F4 folds, and the 
red circles represent those on the NE-dipping limbs (red areas in (e)). These two half 
small circles in the plot are symmetrical about an E-trending vertical plane which is 
axial planar to the F4 folds in Domain C. They represent two cones and the apical 
half-angles of the two cones are about 35˚. This plot pattern is interpreted as a 
basin-shaped structure overprinted by E-trending upright F4 folds which are shown 
in (c). (a) and (b) are reconstructed 1TS  geometry before the F4 overprinting.   
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4.5 Kinematics of D1-D3 
Kinematics of deformation phases can be revealed by deformation structures. Fabrics of 
three deformation phases are present in Domain D, and the block diagram of Figure 4.18 
clearly shows these deformation structures.  
Kinematics of D1 can be reconstructed from the fabrics in Domains A and C. In Domain 
A, the D2 effect is minor and D3 is absent. Deformation fabrics within Domain A are 
shallowly dipping toward SE, which is almost solely due to the D1 effect. So in the whole 
study area, if the effects of D2 and D3 deformations are removed, the F1/2 are recumbent 
folds and the 1TS  foliation is sub-horizontal with NW-trending mineral lineations. In 
Domain C, D2 deformation is absent and D3 directly overprinted on D1. If the effect of D3 
is removed, the 1TS  is dome-and-basin shaped (Figure 4.17). Dome-and-basin structures 
commonly occur as a result of isostatic adjustment (e.g., Ramsey and Humber, 1987; 
Minnitt and Anhaeusser, 1992; Burg et al., 2004). Recumbent folds, sub-horizontal 
transposition foliations, and dome-and-basin structures are widely reported in the interior 
of orogens in the world (e.g., Fyson, 1971 and references therein; Mattauer, 1973; 
Coward, 1980; Brown et al., 1992; McLelland et al., 1996; Grujic et al., 1996; Gibson et 
al., 1999). These shallowly dipping fabrics in high grade metamorphic rocks in orogens 
are commonly interpreted as having developed in sub-horizontal non-coaxial flow in the 
middle to lower crust–the high grade nappe association of Williams and Jiang (2005). 
Stretching lineation on the transposition foliation in non-coaxial flow is commonly used 
to determine flow directions (e.g., Brunel, 1986; Wang et al., 2011). In simple shear 
dominated flows, stretching lineations represent shear direction (Lin et al., 1998, 2007). 
In D1, NW-trending stretching lineations are present on the shallowly dipping 
transposition foliations, and their orientations are regarded here as the flow direction. The 
shallowly dipping 1TS , recumbent F1/2 folds and stretching lineations are interpreted as 
having developed in NW-directed non-coaxial flow in the middle to lower crust.  
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Figure 4.18 Block diagram showing deformation structures in three dimensions.  
The area that is used for the block diagram construction is indicated in Figure 4.5. 
F1/2 folds are highlighted in red (note: F1/2 folds are folded by F3 and F4), F3 axes in 
green, and D3 Mylonite Zones (MZ) in black dashed lines.  
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F3 developed in D2 phase are interpreted as having developed in a NW-SE extension. 
First, numerical modeling indicates that extension can lead to development of extension-
parallel folds (Yin, 1991). F3 are approximately NW-trending folds which can develop 
during NW-SE extension. Second, folds developed during extension with fold axes 
parallel to the extension direction have been reported in orogens in the world 
(Malavieille, 1987; Chauvet and Séranne, 1994; Fletcher et al., 1995). Third, F3 in the 
Central Geniss Belt (Figure 4.4) have been interpreted as products of a NW-SE extension 
in the Grenvillian Orogeny due to the mountain collapse in the literature (Culshaw et al., 
1994; McLelland et al., 1996; Rivers, 1997; Carr et al., 2000; Harris et al., 2002).  
F4 and mylonite zones developed in D3 phase in a NW-SE shortening tectonic 
environment. All F4 are E- to NE-trending folds, and their axial planes are sub-vertical. 
As the Grenville Front is approached, F4 become more and more tight, and tend to be 
chevron folds with axial plane foliations developed. The orientation of F4 fold axial 
planes suggest NW-SE shortening in D3. The progressive tightening of F4 folds, more 
strain localization along the axial surfaces toward the Greville Front, and to the formation 
of 2TS  and ultimately the Grenville Front mylonite zones suggest that there is a 
progression of deformation intensity toward the Grenville Front during D3 and that the 
mylonite zones at the Grenville Front are D3 structures. The top-to-the-NW thrusting 
shear sense (Figure 4.15) from mylonites supports that all D4 fabrics developed in a NW-
SE convergent environment. This convergence led to a buckling of 1TS  to form F4 folds, 
tightening of F4 folds and development of 2TS , and finally mylonite zones at the Grenville 
Front.  
4.6 Tectonic implications 
Structures in the Grenville Province between the Sudbury Basin and French river can be 
correlated with those south in the interior of the Grenville Province. This correlation 
enables us to constrain the tectonic evolution of the Grenvillian Orogen.  
The D1 and D2 fabrics in the GFTZ and the Britt Domain can be traced across the 
Allochthon Boundary Thrust into the Shawanaga Domain, the Parry Sound Domain and  
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Figure 4.19 Grenvillian metamorphic signature map (after Rivers, 2008).  
The Ottawan metamorphism is limited to be outside and SE of the Grenville Front 
Tectonic Zone. 
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the south end of the Central Gneiss Belt (Figure 4.4; Figure 4.5). The discovery of these 
fabrics in the GFTZ leads to new understanding of deformation during the Grenvillian 
Orogeny.   
The Grenvillian Orogeny is believed to be diachronous (Rivers, 1997; Carr et al., 2000; 
Gower and Krogh, 2002; Jamieson et al., 2010). There are two orogenic phases: the 
Ottawan phase (ca. 1090-1020 Ma) and the Rigolet phase (ca. 1000-980 Ma) (Rivers, 
1997; 2008). Deformation and metamorphism in the Ottawan phase are present adjacent 
to the SE of the GFTZ in the Grenville Province (Corrigan et al., 1994; Jamieson et al., 
1995; Culshaw et al., 1997; Ketchum and Krogh, 1997, 1998; Ketchum et al., 1998; 
Wodicka et al., 2000; Rivers, 2008, 2009; Figure 4.19). Deformation and metamorphism 
in the Rigolet phase are limited to the NW of the Allochthon Boundary Thrust (Figure 
4.19; Rivers, 2008, 2009). The GFTZ as a whole is a crustal scale thrust zone and it is 
currently held in the literature that rocks in it had only been affected during the Rigolet 
phase in the Grenvillian Orogeny (Haggart et al., 1993; Krogh, 1994; Jamieson et al., 
1995; Culshaw et al., 1997; Corfu and Easton, 2000; Rivers, 2008, 2009; Figure 4.19). 
Jamieson et al. (1995) suggested that two episodes of top-to-the-NW thrusting occurred. 
One occurred along what is now the southeast margin of the GFTZ in the Ottawan phase 
and the other in the whole GFTZ in Rigolet phase. In the interval of the two thrusting 
episodes, NW-SE extension occurred in the Central Gneiss Belt, producing normal faults 
and transverse folds (Culshaw et al., 1994, 1997; Ketchum, 1996; Harris et al., 2002; 
Figure 4.4). 
It has been shown in this chapter that the D1 fabrics represent the deformation during the 
Ottawan orogenic phase and that certainly the whole western Grenville Province, 
including the GFTZ, was affected in this orogenic phase. Isoclinal folds (F1/2) and 
shallowly dipping transposition foliations are reported in the Shawanaga Domain and the 
Parry Sound Domain, and they are folded by the NNW-trending regional folds (Gower, 
1992; Culshaw et al., 1994; Culshaw, 2005). These regional folds are all F3 folds and are 
present throughout the Central Gneiss Belt at west Grenville Province (Figure 4.4). The 
isoclinal folds and transposition foliations south of the Allochthon Boundary Thrust in 
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the Central Gneiss Belt are in amphibolite-to-granulite-facies metamorphism, similar to 
those in the GFTZ and the Britt Domain, and all of these fabrics were folded by the F3 
folds. The similarity in metamorphism, style, overprinting relationship with F3 folds, and 
continuity in space indicate that the isoclinal folds and the prominent transposition 
foliations in the Shawanaga Domain and the Parry Sound Domain are D1 fabrics. The D1 
fabrics in the current orientations in the Shawanaga Domain and the Parry Sound Domain 
are interpreted as products of deformation in the Ottawan phase in the literature (Culshaw 
et al., 2006; Rivers, 2008). This interpretation is supported by geochronological data 
which will be presented in Chapter 5. Based on the correlation between the fabrics in the 
GFTZ and those in the Shawanaga Domain and the Parry Sound Domain, it can be 
concluded that rocks in the GFTZ and the Britt Domain were also deformed in the 
Ottawan phase. This is a new discovery, because the Ottawan metamorphism and 
deformation had been thought to be limited to the southeast of the GFTZ (Figure 4.19; 
Rivers, 2008, 2009). This discovery is also consistent with the 1250-1220 Ma West Bay 
Batholith (Ketchum and Davidson, 2000 and references therein) and the 1420 Ma Cosby 
Batholith (Lumbers, 1975) both of which show D1 deformation fabrics (Figure 4.5).   
D1 fabrics represent mid- to lower crustal flow instead of top-to-the-NW thrust in normal 
sense. D1 fabrics in the GFTZ and the Britt Domain are the infrastructure of Wegmann 
(1935) in the Grenvillian Orogen. In the D1 deformation, the 1TS  foliation and F1/2 folds 
are shallowly dipping in high grade metamorphic rocks, and are different from the 
superstructure which is dominated by steep structures in low grade metamorphic rocks. 
Currently some 1TS  foliations are moderately to steeply dipping, and this is due to 
subsequent rotation during D2 and D3 deformations (Figure 4.18). Fabrics in D1 
deformation phase are the high-grade nappe association (HGNA) described in Williams 
and Jiang (2005). HGNA is an association of structures dominated by shallowly dipping 
transposition foliation and recumbent folds. Jamieson et al. (1995) regard the D1 fabrics 
at the southeast margin of the GFTZ as products of thrusting. Culshaw et al. (1997) 
propose that the domains south of the Allochthon Boundary Thrust within the Central 
Gneiss Belt are stacking thrust sheets with the high-strain zones between domains being 
thrusts. However, these interpretations are based on some similarity between  
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Figure 4.20  Tectonic models of Grenvillian Orogeny.  
(a) Tectonic model of Jamieson et al. (2010) showing the deformation of crust in the 
Grenvillian Orogeny (from Jamieson et al., 2007). Mantle is not shown here. There 
is no vertical exaggeration. In the model, the strength of the lower crust varies 
laterally. The accreted terranes are the rocks south of the Central Gneiss Belt in the 
Grenville Province and those in the Parry Sound Domain. The Parry Sound Domain 
is reworked equivalence to the accreted terranes (Dickin and McNutt, 1991; 
Wodicka et al., 1996; Culshaw et al., 1997; Culshaw and Dostal, 2002; Ketchum and 
Davidson, 2000). In the model, rocks in the GFTZ came from the Laurentia margin 
at low crust depth as the strong Superior craton at low crust expulsed upward. 
Rocks in the GFTZ moved northwest upward during the whole Grenvillian 
Orogeny. (b) Tectonic model of Rivers (2008) showing the tectonic evolution of the 
Grenville Province (simplified from Rivers, 2008). There is no vertical exaggeration. 
A plateau is formed. Rocks adjacent to the SE of the Allochthon Boundary Thrust 
(ABT) flow northwestward out of the plateau in response to the erosion at its NW 
edge. Over-thickened orogen collapsed due to thermal relaxation. Horst and graben 
structure developed and the Allochthon Boundary Thrust changed to a normal fault 
zone. In this model, the GFTZ was not affected in the Ottawan phase. In the Rigolet 
phase, deformation migrated and concentrated to the NW of the Allochthon 
Boundary Thrust. Dashed lines indicate particle movement paths in the GFTZ. 
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infrastructure in the Central Gneiss Belt and the superstructure in orogenic front of 
modern mountains, such as Canadian Rockies and the NW front of the southern 
Appalachians. It ignores the internal penetrative and sub-horizontal deformation fabrics 
within each “thrust sheet”. As pointed out by Williams and Jiang (2005), the "thrusts" 
between domains are not thrusts in the normal sense but mostly structural and/or 
lithological discontinuities transposed to the transposition foliation.  
Two tectonic models have been proposed recently for the Grenvillian Orogeny, each 
showing different deformation history of the GFTZ and the Britt Domain. Jamieson et al. 
(2007, 2010) suggest that the rocks now in the GFTZ and the Britt Domain were 
tectonically extruded from lower crust at Laurentian margin during the whole Grenvillian 
Orogeny (Figure 4.20a). In this model, plate convergence stopped in the Rigolet phase 
producing simultaneous top-to-the-NW thrusting in the GFTZ and top-to-the-SE normal 
faulting in the Shawanaga Domain. Rivers (2008) proposed another model in which plate 
convergence lasted to the end of the Grenvillian Orogeny (Figure 4.20b). In his model, a 
plateau developed southeast of the Britt Domain in the Ottawan phase and rocks just 
above the Allochthon Boundary Thrust flowed northwestward in a channel. At the late 
Ottawan phase, over-thickened lithosphere led to extension mainly southeast of the Britt 
Domain. Continuous plate convergence caused the thrusting in the GFTZ in the Rigolet 
phase.  
The D1 fabrics developed in mid- to lower thickened crust and may reflect flow in a 
channel. The D1 fabrics of the high-grade nappe association (HGNA) suggest that the 
mid- to lower crust was a locus of flow and relatively weak in the lithosphere. HGNA in 
the world develops in shortening tectonic settings and may develop within zones of 
pervasive ductile flows (e.g., Grujic et al., 1996; Harris et al., 2002; Searle et al., 2003; 
Williams and Jiang, 2005). Davidson (1986) and Culshaw et al. (1997) interpret the 
HGNA south of the Allochthon Boundary Thrust in the Central Gneiss Belt as having 
developed in a crustal shortening during which domains were stacked in top-to-the-NW 
shearing. Rivers (2008) identifies the terrane in the southeast part of the Central 
Metasediment Belt as lacking in penetrative Grenvillian fabrics and metamorphism and 
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refers to it as an orogenic lid (Figure 4.19). He proposes that a channel existed bounded 
by the Allochthon Boundary Thrust and the orogenic lid, and that rocks flowed 
northwestward within the channel in the Ottawan phase. In the present study, the HGNA 
is not limited to the SE of the GFTZ. It is possible that the GFTZ and the Central Gneiss 
Belt form a channel, which is an analogue to the channel bounded by the South Tibetan 
Detachment Zone and the Main Central Thrust Zone in Himalaya. During D1 
deformation, the crust was thickened and a plateau was built. The GFTZ and the Central 
Gneiss Belt could be located within the northwest margin of the plateau, and rocks there 
flowed northwestward during the Ottawan phase. The channel flow model requires that 
shear sense in the rocks blow and adjacent to his orogenic lid was top to the SE during 
the Ottawan phase. Top-to-the-SE shearing at the location in Ottawan phase has not been 
reported in the literature, and work is needed to test the channel flow model.  
The D2 fabrics are regional F3 folds developed during the NW-SE extension. This is 
against Jamieson (2010)’s model. In contrast to the relatively large volume 1070-1045 
Ma igneous plutons in the Central Granulite Terrane in the southwest Grenville Province, 
igneous emplacement during or immediately after the extension is rare in the northwest 
Grenville Province. McLelland et al. (1996) interpret the igneous emplacement in the 
Central Granulite Terrane as a consequence of delamination and removal of the dense 
lithosphere. In the northwest Grenville, the extension is generally attributed to 
gravitational collapse (Culshaw et al., 1994, 1997; Jamieson, 2007; Rivers, 2008). Two 
factors may contribute to the collapse. One is the decrease in strength of an over-
thickened crust due to temperature rise caused by radioactive decay (England and 
Houseman, 1988, 1989). The other one is a decrease in the plate convergence rate 
(England and Houseman, 1988, 1989; Jadamec et al., 2007). Rivers (2008) attributes the 
extension to the first factor while Jamieson (2010) favors the second one. Jamieson 
(2010) studied the effect of plate convergence rate on the deformation by numerical 
modeling, and proposed that thrusting in the GFTZ and extension in the Shawanaga 
Domain occurred simultaneously if the plate convergence stops in the late Ottawan 
orogenic phase. My study clearly shows that the NW-SE extension (D2) is post the mid- 
to lower crustal flow (D1) and prior to the thrusting (late D3) at the Grenville Front. The 
presence of the F3 folds in the GFTZ and the whole Central Gneiss Belt indicates that the 
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NW-SE extension is regional and not just limited to the Shawanaga Domain. My study 
supports Rivers (2008)'s interpretation that the extension in the NW Grenville Province is 
probably due to thermal relaxation. This extension is not limited to the SE side of the 
Allochthon Boundary Thrust as described in Rivers (2008), but throughout the GFTZ and 
the Central Gneiss Belt. The lithosphere extension in the thermal relaxation differs from 
the mid- to lower crustal flow in D1 deformation in that it is purely due to weakening of 
the lithosphere by heat whereas the flow in D1 deformation is possibly in response to the 
erosion at the northwest edge of a plateau.  
D3 deformation is attributed to the Rigolet phase. The kinematics of D3 deformation can 
be used to constrain the tectonic setting of the Rigolet phase. Rivers (2008, 2009) suggest 
that it is the tectonic convergence that leads to the thrusting in the GFTZ. He proposes 
that after the extension in D2, the Central Gneiss Belt became cooler and stiffer, and that 
the deformation migrated to the GFTZ. Jamieson (2010) argues that it is gravitational 
spreading instead of tectonic convergence that caused the top-to-the-NW thrusting. In the 
study area, D3 deformation fabrics are F4 folds and mylonite zones with top-to-the-NW 
shear sense, indicating a NW-SE convergent tectonic setting. The buckling folds and the 
steeply dipping mylonite zones with top-to-the-NW shear sense were developed in a NW-
SE shortening process which cannot be related to any gravitational spreading. I think that 
after the thermal relaxation, the lithosphere became thinner, and the deformation was 
accommodated at the contact between the cool and strong foreland and the weak GFTZ. 
Since deformation occurred continuously from the Ottawan phase to the Rigolet phase, it 
did not migrate from the Central Gneiss Belt to the GFTZ. There is no need to propose a 
stiffening of the Central Gneiss Belt for the deformation to migrate from the Central 
Gneiss Belt to the GFTZ. The D3 deformation did not spread out into the Central Gneiss 
Belt and it was limited entirely in the GFTZ. This is probably due to a thinned lithosphere 
coupled by rapid erosion southeast of the Grenville Front, and this interpretation is 
supported by hornblende and muscovite cooling ages along a transect across the GFTZ 
(Haggart et al., 1993).  
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4.7 Conclusions 
Rocks in the GFTZ and the Britt Domain in the west Grenville Province underwent three 
phases of deformation which are respectively mid- to lower crustal sub-horizontal flow in 
a thickened crust (D1), folding during the NW-SE lithosphere extension (D2), and NW-SE 
crustal shortening and top-to-the-NW thrusting (D3). The mid- to lower crustal flow and 
the lithosphere extension occurred throughout the whole GFTZ and the Central Gneiss 
Belt, and the NW-SE crustal shortening concentrated in the GFTZ, especially at the 
Grenville Front.  
Fabrics in the first deformation phase are the high-grade nappe association described in 
Williams and Jiang (2005). The high-grade nappe association occurred in the GFTZ and 
the Central Gneiss Belt, and it is a consequence of NW-directed sub-horizontal flow in 
middle to lower crust. 
The mid- to lower crustal sub-horizontal flow in thickened crust occurred in the Ottawan 
phase of the Grenvillian Orogeny and the Ottawan deformation was not limited to the 
southeast of the GFTZ. The Grenvillian Orogeny in the Ottawan phase affected what is 
now the whole GFTZ and the Central Gneiss Belt.  
Rocks in the GFTZ exhumed in both the Ottawan phase and the Rigolet phase, and the 
plate tectonic convergence continued into the Rigolet phase. The mid- to lower crustal 
flow probably occur in the Ottawan phase in a channel in the orogenic plateau, due to 
weakened rock in the mid- to lower crust and surface denudation at the edge of the 
plateau. The lithosphere extension is probably caused by the collapse of over thickened 
crust during thermal relaxation. The NW-SE crustal shortening in the Rigolet phase is a 
consequence of continuing convergence between Laurentia and the continent to the 
southeast. The limit of this deformation within the GFTZ is due to rapid erosion southeast 
of the Grenville Front.   
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Chapter 5
Regional Correlation and Timing of Deformation in the 
Grenville Front Tectonic Zone and the Britt Domain 
between the Sudbury Basin and French River in 
Ontario, Canada 
5.1 Introduction 
Reconstructing the deformation history of poly-deformed, high grade metamorphic 
terranes requires detailed field mapping and geochronological study. Field mapping is a 
means of revealing the structural geometry and overprinting relationships. 
Geochronological study can be coupled with structural analysis to determine the timing 
of deformation. The Grenville Front Tectonic Zone (GFTZ) and the Britt Domain 
between the Sudbury Basin and French River in Ontario, Canada are the northwest part 
of the Grenville Province (Figure 5.1). Their deformation history is crucial to the 
understanding of the Grenvillian Orogeny. Field mapping of the area reveals that it is a 
poly-deformed high metamorphic grade area (Brooks, 1967; Brown, 1968; Brocoum and 
Dalziel, 1974; Bethune, 1994; Jamieson et al., 1995; Karlstrom et al., 2001; Rivers, 2009; 
Chapter 4). Field mapping of the area is done and the study is presented in Chapter 4. The 
timing of each deformation phase is the subject of the present chapter.  
Three deformation phases (D1-D3) are recognized in Chapter 4 (Figure 5.2). D1 
deformation is present everywhere in high grade gneissic rocks. D1 fabrics are 
transposition foliation 1TS , isoclinal F1/2 folds, and L1 lineations (Figure 5.3). If the 
effects of the D2 and the D3 deformations are removed, F1/2 are recumbent folds and the 
1TS  foliation is sub-horizontal with NW-trending stretching lineations on it. The D1 
deformation fabrics are interpreted as representing a NW-directed flow in the lower crust. 
D2 deformation is characterized by NNW-SSE trending F3 folds with amplitudes ranging 
from kms to tens of kms. These folds do not have an axial planar foliation. They are tight 
folds (interlimb angles in the range of 20 ~ 80° ° ) in the Britt Domain and more open  
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Figure 5.1  Location of the study area in the NW Grenville Province.  
The NW Grenville Province has been divided into the GFTZ and the Central Gneiss 
Belt (CGB). The northwest CGB contains several domains, and from NW to SE they 
are the Britt, the Shawanaga and the Parry Sound Domains. The Allochthon 
Boundary Thrust is at the base of the Shawanaga Domain. The study area is 
indicated by the rectangle at the top, and it contains part of the GFTZ and 
northwest part of the Britt Domain.  
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Figure 5.2  Geology of the study area and sample locations.  
The location of the map area is indicated in Figure 5.1. Four generations of folds are 
shown in this map. F1/2 folds and the 1TS  foliation belong to D1 deformation. F3 folds 
belong to D2 deformation and F4 folds belong to D3 deformation. Locations of 
samples for zircon dating are plotted as black triangles.  
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Figure 5.3  Recumbent F1/2 fold in migmatitic gneiss.  
The fold and granitic migmatite indicate high grade metamorphism and 
deformation in the middle to lower crust. F1/2 are recumbent folds when they have 
not been reoriented by subsequent deformations.  
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folds (interlimb angles around 120° ) in the GFTZ. In the GFTZ, F3 folds have one limb 
dipping toward ESE, and the other toward South. Compared to their counterparts in the 
Britt Domain, F3 folds in the GFTZ have larger interlimb angles, which is due to the 
overprinting of D3 deformation. D2 deformation represents a NW-SE crustal extension 
(Culshaw et al., 1994; Chapter 4). In D3 deformation, NE-trending F4 folds and SE-
dipping mylonite zones were developed. F4 folds in the GFTZ are centimeters to meters 
in scale, ENE-trending asymmetrical folds. They are S-folds with fold axes plunging 
toward NE if occurring on the ESE-dipping limbs of F3 folds, and Z-folds with fold axes 
plunging toward SE if on the S-dipping limbs of F3 folds. F4 folds in the Britt Domain 
have wavelengths up to kilometers, and are E-to-NE plunging. Mylonite zones only occur 
in the GFTZ and become dominant toward its NW boundary. Shear sense indicators in 
the mylonite zones suggest top-to-the-NW thrusting. F4 folds may have an axial plane 
foliation which is sub-parallel to the mylonite zones. From the Britt Domain to the GFTZ, 
F4 folds become tighter and are often transposed to form the transposition foliation 2TS  or 
even the mylonitic foliation near the NW boundary of the GFTZ. The D3 deformation 
represented a NW-SE shortening. These three deformation phases are important for 
elucidating the tectonic evolution of the northwest Grenville Province. In this chapter, I 
discuss the timing for each deformation phase.  
Deformation fabrics similar to the D1 and the D2 fabrics are reported south of my study 
area in the interior of the Grenville Province (Figure 5.1; Figure 5.4). Timings of these 
deformation fabrics are constrained by available geochronological data. I will show that 
these fabrics can be correlated to the fabrics in my study area. Base on this correlation, I 
constrain the timing of each deformation phase, which is supported and further 
constrained by my geochronological study.  
Currently, zircon is among the most commonly used geochronometers in high-grade 
metamorphic rocks due to its presence over a wide range of rock compositions and high 
closure temperature for chemical diffusion (Cherniak et al., 1991, 1997; Cherniak and 
Watson, 2000; Hoskin and Schaltegger, 2003). I use zircon dating to constrain the timing 
of each deformation phase. Zircon dating is carried out using a laser ablation inductively 
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coupled plasma mass spectrometry (LA-ICP-MS). Based on the correlation and the 
zircon dating, I conclude that the sub-horizontal 1TS  foliation developed between 1080-
1030 Ma, the F3 folds occurred between 1028-1018 Ma, and the F4 folds and the mylonite 
zones developed between 1000-953 Ma. 
5.2 Geological background 
The Grenville Province is the youngest geological province of the Canadian Shield and it 
was cratonized in the continent-continent collision between the Laurentia and another 
continent, probably the Amazonia craton, during 1090-980 Ma (Moore, J. M., 1986; 
Karlstrom et al., 2001; Whitmeyer and Karlstrom, 2007; Gower et al., 2008). Before the 
collision, volcanic arcs and oceanic terranes were added to the SE margin of the 
Lanrentia during middle Paleoproterozoic to late Mesoproterozoic (Hoffman, 1988; 
Rivers, 1997; Karlstrom et al., 2001; Whitmeyer and Karlstrom, 2007; Rivers, 2009). The 
Grenville Province is divided by the Allochthon Boundary Thrust (ABT) into two parts 
(Figure 5.1, Rivers et al., 1989). The northwest part is the Parauthochthonous Belt, in 
which Archean and Paleoproterozoic rocks of the southeast margin of the old provinces, 
namely, the Southern, the Superior, the Churchill, and the Nain Provinces, had been 
deformed and metamorphosed (Rivers et al., 1989). The southeast part of the Grenville 
Province is the Allochthonous Polycyclic Belt, in which volcanic arcs and oceanic 
terranes were added during middle Paleoproterozoic to late Mesoproterozoic (Hoffman, 
1988; Easton, 1992; Rivers, 1989, 1997; Karlstrom et al., 2001; Whitmeyer and 
Karlstrom, 2007). 
The rock assemblages, structural styles and dominant fabric orientations vary in the 
Grenville Province, and based on these variations, Wynne-Edwards (1972) has divided 
the Grenville Province into seven parts. Among them are the GFTZ and the Central 
Gneiss Belt (CGB), both of which are in the northwest Grenville Province (Figure 5.1). 
The GFTZ is dominated by moderately to steeply dipping, northeast-striking foliations, 
some of which are mylonitic foliations. The CGB is occupied by amphibolite-facies 
gneiss, most of which are migmatites. The north part of the CGB in the west Grenville 
Province is further divided into the Britt Domain, the Shawanaga Domain, and the Parry 
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Sound Domain with ductile shear zones between them (Davidson, 1984; Culshaw et al., 
1997; Culshaw and Dostal, 2002; Culshaw, 2005).   
The GFTZ and the Britt Domain have a prolonged metamorphic history (Brooks, 1967; 
Brown, 1968; Dalziel et al., 1969; Bethune, 1994; Jamieson et al., 1995; Karlstrom et al., 
2001; Rivers, 2009). In the west Grenville Province, the Allochthon Boundary Thrust is 
located at the base of the Shawanaga Domain. The GFTZ and the Britt Domain are within 
the Parauthochthonous Belt, and are reported to have been affected by both pre-
Grenvillian metamorphism and the Grenvillian metamorphism (1090-980Ma) (Rivers et 
al., 1989; Corrigan et al., 1994; Corfu and Easton, 2001). The Shawanaga Doamin 
contains mainly metasediments and is interpreted to represent reworked sedimentary 
rocks deposited on the pre-Grenvillian Laurentian margin (Culshaw et al., 1994, 1997; 
Culshaw and Dostal, 2002). The Parry Sound Domain is considered to have been derived 
from 1.5-1.4 Ga magmatic island arc and back-arc sediments accreted to the Shawanaga 
Domain around 1190-1160 Ma (Dickin and McNutt, 1990; Wodicka et al., 1996; 
Culshaw et al., 1997; Culshaw ant Dostal, 2002; Ketchum and Davidson, 2000). Both the 
Shawanaga and the Parry Sound Domains are subsequentially affected by the Grenvillian 
metamorphism (Rivers et al., 1989; Culshaw et al., 1997; Rivers, 1997, 2008).  
The deformation fabrics in the GFTZ are interpreted to represent top-to-the-NW thrusting 
around 1000 Ma (Davidson, 1986; Haggart et al., 1993; Krogh, 1994; Culshaw et al., 
1997; Corfu and Easton, 2000; Rivers, 2008, 2009). Recent geological mapping shows 
that two deformation (D1 and D2) phases are prior to the thrusting (Figure 5.2; Chapter 4). 
The fabrics of these two deformation phases are well preserved in the GFTZ; however the 
timing of the two deformation phases is unknown. The Britt Domain is characterized by 
regional-scale NW-trending F3 folds with fold axes shallowly plunging southeast. These 
folds are similar to the regional Shawanaga Domain folds which are interpreted as 
transverse folds formed in a NW-SE lithospheric extension around 1020 Ma (Culshaw et 
al., 1994; Ketchum et al., 1998).   
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5.3 Structure correlation and timing for deformation phases 
Similar deformation structures have been reported south of my study area. Gower (1992) 
reported two deformation stages in both the Shawanaga Domain and the Parry Sound 
Domain (Figure 5.4). The first deformation phase is represented by nappes and the 
second deformation phase is characterized by NNW-SSE-trending upright folds with fold 
axes plunging toward SSE. Culshaw et al. (1994) reported a thrusting and an extension 
characterized by normal shear zones and transverse folds in the Shawanaga Domain on 
the shore of Georgian Bay. The thrusting occurred in granulite to upper amphibolite 
facies metamorphism, and the extension occurred in amphibolite facies metamorphism 
(Tuccillo et al., 1992; Culshaw et al., 1994, 1997). Ketchum et al. (1998) shows that the 
thrusting occurred at > 1070-1030 Ma and the extension occurred at 1028-1018 Ma. 
Corrigan et al. (1994) discovered three deformation phases in the region of Key Harbour 
in south Britt Domain. The first two deformation stages are pre-Grenvillian (one 
>1694Ma and the other > 1450 Ma), and the last one is Grenvillian (> 1035~990 Ma).   
Post-extension deformation has not been reported in the Shawanaga Domain and the 
Parry Sound Domain. However, titanite growth during 1008-1000Ma and isotopic 
resetting during 967-956 Ma cooling through titanite closure temperature have been 
reported (Corrigan et al., 1994; Ketchum et al., 1998). 
5.3.1 Regional correlation of structures and kinematics 
D1 deformation fabrics in the study area are consistent with the thrusting and nappe 
associated fabrics in the Shawanaga Domain and the Parry Sound Domain based on 
fabric styles, orientations, and metamorphic facies (Gower, 1992; Culshaw et al., 1994). 
The thrust shear zones and nappes in the Shawanaga and the Parry Sound Domains are 
consistent with the High Grade Nappe Association (HGNA) of Williams and Jiang 
(2005). The Shawanaga and the Parry Sound Domains have the same kinematics as my 
study area, and are reflected by the transposition 1TS  foliation and isoclinal folds in the 
D1 deformation phase. Moreover, D1 deformation fabrics in the study area developed in 
upper amphibolite-facies metamorphism which is comparable to the granulite-to-upper-
amphibolite-facies metamorphism of thrusting in the Shwanaga and the Parry Sound 
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Figure 5.4 Fold structures in the Shawanaga Domain and the Parry Sound Domain.  
Modified from Gower (1992). This area is also the study area of Culshaw et al. 
(1994, 1997). 
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Domains. Therefore, it is reasonable to conclude that the thrusting in the Shawanaga 
Domain and Parry Sound Domain belongs to our D1 deformation phase. The first two 
deformation phases (one >1694 Ma and the other > 1450 Ma) of Corrigan et al. (1994) 
predate D1, and fabrics produced in them were modified in their third deformation phase 
(D1 of this study). Assuming that the same deformation structures occurred 
approximately at the same time in a not very large area, the D1 deformation phase in the 
GFTZ and north Britt Domain occurred >1070-1030 Ma.  
D2 deformation in the area of this study represents NNW-SSE extension, which can be 
correlated to the extension in the Shawanaga and the Parry Sound Domains during 1028-
1018 Ma. The D2 fabrics in my study area are folds whose style and orientation are the 
same as those of transverse folds in the Shawanaga and the Parry Sound Domains. 
Moreover, these folds in both my study area and those south of it overprinted on the same 
D1 deformation fabrics. Therefore, D2 deformation in my area can be correlated to the 
extension in the Shawanaga and the Parry Sound Domains, and it occurred during 1028-
1018 Ma.  
The late stage of D3 deformation represented by mylonite zones in the GFTZ indicates 
top-to-the-NW thrusting, and it is responsible for cooling of the titanites through their 
closure temperature in the Shawanaga Domain and the Parry Sound Domain. Therefore 
the 967-956 Ma can be assigned to the late stage of D3 deformation.  
5.3.2 Previous geochronological evidence for the timing of each 
deformation phase 
The correlation of the deformation structures in the study area and those in the 
Shawanaga and the Parry Sound Domains leads to the conclusion that in the area of this 
study D1 deformation is > 1070-1030 Ma, D2 deformation, between 1028-1018 Ma, and 
D3 deformation between 967-956 Ma. This is supported by existing geochronological 
data in my study area. Corfu and Easton (2001) reported a concordant U-Pb age of 1050 
Ma from a zircon in the GFTZ. Dadus et al. (1994) reported ages of 1032-1024 Ma for 
the relative coarse anhedral zircons in Sudbury dikes in the GFTZ. These zircons 
crystallized during the metamorphism which is associated with D1 deformation. Chen et 
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al. (1995) reported lower intercept ages of concordia diagrams of zircons in the range of 
996-975 Ma from orthogneiss in northern Britt Domain. Haggart et al. (1993) reported 
lower intercept ages of 978Ma from a concordia plot of U-Pb data of 11 titanite fractions 
and 1 zircon fraction in gneisses in the GFTZ. This age has been confirmed and 
supplemented by Krogh (1994). Dadus et al. (1994) reported metamorphic ages around 
1000 Ma based on small zircons from Sudbury dikes. Corfu and Easton (2001) concluded 
that 995-980 Ma lower intercept age of concordia plot (mainly titanites, some zircons and 
monazites) is the age for deformation and metamorphism during the Grenvillian 
compression in the GFTZ. The lower intercept age in the range of 1000-975 Ma 
represents the isotopic resetting during D3 deformation in our study area.   
The proposed timing of deformation is also consistent with the observed overprinting 
relationship and our current knowledge of tectonic evolution of the Parry Sound Domain. 
D1 deformation fabrics (F1/2 folds) have been observed in Cosby granitic gneisses with 
primary age of 1430 Ma in the Britt Domain (Figure 5.2; Lumbers, 1975). Therefore the 
emplacement of the 1430 Ma granite predated the end of D1 deformation. The Parry 
Sound Domain was attached to the Shawanaga Domain around 1180 Ma (Culshaw et al., 
1997), and the D1 structures are consistently present in both the Shawanaga Domain and 
the Parry Sound Domain, suggesting that D1 deformation occurred no earlier than 1180 
Ma.   
5.4 Zircon dating 
Four samples were collected to date the deformation phases based on structural analysis. 
The locations of the samples are shown in Figure 5.2. Their Universal Transverse 
Mercator (UTM) coordinates can be found in Appendix A at the end of this thesis. 
Samples AME and AMW are used to constrain the time of D1 deformation and samples 
WCC and PDYEN to constrain the timing of D3 deformation. 
5.4.1 Sample description 
Samples AME and AMW are from less than 15-cm-wide diorite dike segments in the 
GFTZ near Markstay (Figure 5.2; Figure 5.5). These two samples contain (minerals given  
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Figure 5.5  Field photo of Diorite dikes.  
Diorite dike segments at a small angle or parallel to the migmatitic layers ( 1TS ). At 
the right bottom, the AME dike segment inclines at a small angle to the migmatitic 
layers. At the top, the segments of the dikes are totally parallel to the migmatitic 
layers, and they define the 1TS .The whole outcrop is folded by F4 folds. Two F1/2 
folds are outlined in red. A F4 axial plane trace is marked in black.  
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Figure 5.6 Photomicrographs of sample WCC.  
Photos (a) and (b) are under planar polarized light, and photos (c) and (d) are under 
cross polarized light. (a) shows the corona texture in relatively less deformed part 
and (b) shows shape preferred orientation defined by dark minerals (pyroxene and 
amphibole in pale green/yellow) and light mineral (plagioclase in transparent area). 
(c) shows a garnet on the right surrounded by plagioclases, pyroxenes, amphibole 
and minor quartize aggregates. (d) shows plagioclase aggregates concentrated in the 
middle. These aggregates are dynamically recrystallized plagioclase. Grain 
boundaries are straight and triple junctions define angles of 120˚. These features 
indicate high temperature deformation.  
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in order of decreasing content) amphibole, feldspar, biotite, quartz, and pyroxene. The 
minerals have a very weak shape preferred orientation approximately parallel to the dike 
boundary. Host rock of the dike is the strongly-foliated biotite-rich migmatite. The 
foliation is 1TS  transposition foliation (Chapter 4). Most segments of the diorite dike are 
parallel to the 1TS  foliation, and some parts crosscut the migmatitic layers at a small 
angle (See the right bottom of Figure 5.5). At the top of Figure 5.5, the dikes and the 
migmatitic layers are parallel. The timing of the emplacement of the diorite dikes is 
interpreted to be pre-end of the D1 deformation. D2 and D3 deformations also affected the 
outcrop. D2 deformation fabrics are regional scale folds and not shown at the outcrop 
scale. D3 deformation fabrics are present as F4 folds here which slightly folded the 1TS  
foliation as shown in Figure 5.5.  
Sample WCC is from the metagabbroic Wanapitei complex. The igneous age of the 
metagabbro has been reported to be 1747 Ma (Prevec, 1995). The metagabbro has 
undergone an upper amphibolite to granulite-facies metamorphism and contains 
amphibole, pyroxene, plagioclase, garnet, and quartz (Figure 5.6). In some places, it 
shows clear corona texture: plagioclase surrounding amphibole (Figure 5.6a). The garnet 
and quartz may be produced in the reaction between plagioclase and pyroxene or 
amphibole (e.g., Barink, 1984). A foliation is present in this sample and is defined by a 
shape preferred orientation of amphiboles and elongated layers defined by amphibole and 
plagioclase aggregates. This foliation is parallel to the Grenville Front, and is not folded 
by F4 folds. Therefore, the foliation present in sample WCC is probably the 2TS  foliation 
and it is a D3 fabric.  
Sample PDYEN is from a pegmatite dike east of the Wanapitei complex. The pegmatite 
dike contains feldspar, quartz, and muscovite. Under the microscope, the large feldspar 
crystals are fractured and quartz fills the fractures of the feldspar. Quartz filled in the vein 
shows undulatory extinction (Figure 5.8). Quartz outside of the fractures is either 
elongated into ribbons or dynamically recrystallized. Muscovite in the sample occurs 
commonly along the fractures in feldspars and in the matrix. The brittle deformation of  
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Figure 5.7 Pegmatite dike emplaced during D3 deformation.  
The pegmatite cuts the F1/2 fold and the 1TS  foliation. A branch of the pegmatite dike 
is folded by F4 folds.  
135 
 
 
Figure 5.8 Photomicrograph  of sample PDYEN.  
Under cross polarized light, the feldspars were fractured and show brittle 
deformations. At the top left, a microcline crystal pierces into quartz ribbons, and 
the ribbons show undulatory extinction. The colored minerals in the fractures are 
small muscovite.   
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the feldspar indicates that the deformation temperature was not high. The main body of 
the pegmatite dike is relatively straight and crosscuts a F1/2 fold and 1TS  at a high angle. A 
small branch of the dike was folded in F4 folding (Figure 5.7). The orientation of the dike 
and its overprinting on F1/2 indicate that the dike post-dates D1 deformation phase. The 
folding of the dike branch indicates that the dike emplaced before the end of D3 
deformation. Considering the relatively low deformation temperature recorded in the dike, 
the dike is interpreted to have emplaced at relatively shallow position in the crust within 
D3 deformation phase. 
5.4.2 Analytical methods 
All samples were crushed and zircons used for dating were separated by sieve fraction, 
followed by magnetic and heavy liquid separation. Separated zircon grains from each 
sample were mounted into epoxy discs and polished down to their cores. 
Cathodoluminescence (CL) images of separated zircon grains were acquired using a 
JXA-8100 Electron Probe equipped with a Gatan CL3+ CL detector. The U-Pb data were 
obtained using an Agilent 7500a ICP-MS equipped with an excimer laser ablation system 
of GeoLas 2005 (193 nm, MicroLas, Lambda Physik GmbH, Germany). The zircon 
separation was conducted by the Chengxin Geological Service Company in Langfang, 
Hebei Province, China. The analysis was conducted at the State Key Laboratory of 
Geological Processes and Mineral Resources, China University of Geosciences, Wuhan 
by Yin Chen, Bilong Zhang, Linxue Ju, and Haoqian Wang from Hefei University of 
Technology.  I processed the raw data and plotted various diagrams in this study.  
In zircon U-Pb dating, helium was applied as a carrier gas, mixed with minor argon 
before entering the ICP. In order to decrease the detection limit and improve precision, 
nitrogen was added into the central gas flow (Ar + He) of the Ar plasma (Hu et al., 2008).  
Sample analysis was performed at spots of approximately 32 µm diameter on polished 
zircons. Analysis spots on zircons are selected in zones that stand out by color contrast 
and structure patterns in CL images. Zircon 91500 was used as an external standard for 
U-Pb dating, and was analyzed twice every 5 analyses (i.e., 2 zircon 91500 + 5 samples + 
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2 zircon 91500). Time-dependent drifts of U-Th-Pb isotopic ratios were corrected using a 
linear interpolation (with time) for every five analyses according to the analyzed 
variations of Zircon 91500 (Liu et al., 2010). The standard silicate glass NIST SRM 610 
was used to optimize the machine. Each analysis incorporated a background acquisition 
of approximately 20-30 s (gas blank) followed by 50 s data acquisition from the sample. 
The Agilent ChemStation was utilized for the acquisition of each individual analysis.  
The ICPMSDataCal, a software developed by the State Key Laboratory of Geological 
Processes and Mineral Resources at the University of Geosciences Wuhan, is used for the 
off-line selection and integration of background and analytic signals, as well as time-drift 
correction and quantitative calibration, in U-Pb dating and trace element analyses (Liu et 
al., 2008; Liu et al., 2010). Errors on individual analyses by LA-ICPMS are quoted at the 
1σ level.  
In this study, common Pb corrections were calculated using ComPbCorr#3_17 
(Andersen, 2002). Concordia diagrams and weighted mean calculations were made using 
Isoplot/Ex_ver3 (Ludwig, 2003) as an add-in in Excel spreadsheets.  
5.4.3 Results 
As mentioned above, spot analyses were conducted within zones of zircons. Analysis 
spots are marked by yellow circles and are numbered on the CL images. For convenience 
purpose, analysis spots (zones) are named using a capital letter followed by spot numbers. 
The capital numbers indicate samples: “E” for the sample AME, “W” for AMW, “C” for 
WCC, and “P” for PDYEN. U-Pb isotope compositions from the analysis spots are listed 
in Appendix A.  
5.4.3.1 Diorite dike 
Sample AME 
Based on the 207Pb/206Pb ages, zones within the zircons fall into three groups: zones E19-
E21 in group AEI, zones E24-E28 in group AEII, and zones E1-E18, E22 and E23 in 
group AEIII. U-Pb data of the zircon zones in both the group AEI and the group AEII are 
plotted on or very close to the concordia curve in the concordia diagram (Figure 5.9).  
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Figure 5.9 CL image of the dated zircons and conventional concordia diagram for 
LA-ICP-MS analyses of the zircon crystals from the sample AME.  
The analyzed zircon spots Ei (i=1, 2,..28) are indicated by the yellow circles with 
spot numbers i in red. CL image of the background is removed.   
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Figure 5.10  Th/U ratios at the 28 analysis spots on zircons from sample AME.   
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Figure 5.11  Chondrite-normalized REE patterns for zircons in sample AME.  
(a)group AEI  (b) group AEII  (c) group AEIII.  The group AEI zircons are 
enriched in HREE compared to the group AEII zircons. 
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These zones are rounded shaped and have low Th/U ratios (≤0.03; Figure 5.9; Figure 
5.10). They are interpreted as parts of metamorphic zircons. Zones in group AEIII are 
generally plotted away from the concordia curve and have a wide range of Th/U ratio 
(0.03-1). This group contains zones formed in igneous growth and metamorphic 
growth/alteration. Zones in group AEI are all cores of zircons. Isotope data from them 
yield a weighted average 207Pb/206Pb age of 1700±130 Ma (Mean Squared Weighted 
Deviation MSWD=2.9). These zones show similar rare earth element (REE) patterns 
(Figure 5.11a). They are enriched in high rare earth elements (HREE). The similar 
207Pb/206Pb ages and REE patterns reflect zircon growth during the same metamorphic 
event around 1700 Ma. 
Four zones in group AEII are plotted on the concordia curve around 207Pb/206Pb age of 
1000 Ma, and at least two metamorphic growths are recorded. Zone E24 and E26 are 
within one single zircon. Zone E24 is the core and zone E26 is the rim. The core has a 
207Pb/206Pb age of 1033±41 Ma, and the rim has a 207Pb/206Pb age of 1014±28 Ma. They 
have different crystal shapes (Figure 5.9) and different element concentrations (Figure 
5.11b). The REE concentration in the core is much higher than in the rim (Figure 5.11b). 
In addition, the core contains more than twice of Th but less U than the rim (Appendix 
A). These differences suggest that the core and the rim grew in two different 
metamorphic phases. Zones E25, E27, E28 are the rims surrounding the cores of the 
group EI, and they are interpreted as metamorphic overgrowths. With the errors 
considered, the polyphase metamorphism recorded in the zircon zones in group AEII is 
interpreted as being in the range of 1079-962 Ma (Appendix A). 
Zones in group AEIII, except for zone E1, may be zones in originally igneous zircons 
that underwent Pb loss in an alteration. Some show clear igneous origin. For example, 
zones E3, E6 and E9, characterized by high Th/U ratios (≥0.5) and oscillatory zoning, 
are magmatic growth zones. A discordia line can be drawn from the data from zones in 
this group, and the lower intercept yields an age around 400 Ma. This indicates an 
episodic lead loss in these zones around 400 Ma. What event led to this episodic lead loss 
is not clear.  
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Figure 5.12 CL image of the dated zircons and conventional concordia diagram for 
LA-ICP-MS analyses of the zircon crystals from the sample AMW.  
The analyzed zircon spots Wi (i=1, 2,..21) are indicated by the yellow circles with 
spot numbers i in red. CL image of the background is removed.   
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Figure 5.13 Th/U ratios of the 21 analysis spots on zircons from sample AMW. 
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Spot E1 is on the zone E1 which is the rim part of the zircon. Zone E1 yields a concordia 
age of 2655±23 Ma. The Th/U ratio of zone E1 is 0.19, much higher than the typical 
values (≤0.07, Rubatto, 2002) for metamorphic zircons. The REE pattern of zone E1 is 
characterized by a steeply-rising slope from the LREE to the HREE with a positive Ce-
anomaly and negative Eu-anomaly (Figure 5.11c). This is the typical REE pattern for 
unaltered igneous zircon (Hoskin and Schaltegger, 2003). Therefore the zircon rim (zone 
E1) is formed by overgrowth in magma.       
Sample AMW 
Data from sample AMW are comparable with those in sample AME (Figure 5.12). 
Zircon zone W20 is similar to the zones in group AEI, and zone W21 is similar to the 
zones in group AEII. Zones W1-W19 are comparable to the zones in group AEIII. 
Zones W20 and W21 yield 207Pb/206Pb age of 1698 ± 56 Ma and 1293 ± 133 Ma 
respectively. They both have a low Th/U ratio of 0.03 which is a typical characteristic of 
metamorphic zircons.  
Zones W1-W11 are plotted on or closely to the concordia curve in Figure 5.12, and all of 
them have high Th/U ratios (> 0.3; Figure 5.13). Some of them display clear oscillatory 
zoning. Zones W1-W11 are interpreted as magmatic growth zircon zones. They are 
similar to the zone E1. Among these analysis zones, Zone W1-W8 are more concordant, 
and yield a weighted average 207Pb/206Pb age of 2646±24 Ma (MSWD=1.2).  
Zones W12-W19 yield discordant ages, and no useful conclusion is drawn from the data 
of these analyzed zones. 
Correlation of ages and deformations 
Both sample AME and AMW record an Archean igneous age and several metamorphic 
ages. The oscillatory zonings of the igneous zircons are compatible with diorite, and the 
Archean igneous age may represent the time for the emplacement of the diorite dike. It is 
also possible that the igneous zircons are inherited zircons trapped during the 
emplacement of the diorite dike.  
145 
 
The Paleoproterozoic age (around 1700 Ma) is recorded in the metamorphic zircon cores 
E19-E21 and W20, and these zircon cores are interpreted as metamorphic growth zircons. 
Corfu and Easton (2001) reported a 1720 Ma metamorphic age based on dated zircons 
and titanites collected about 6 km northwest of the above dated diorite dike. They 
conclude that the major minerals and textures associated with the 1720 Ma 
metamorphism have been totally obliterated by the later Grenvillian metamorphism and 
deformation. Our field observation and data support this conclusion. The dominant 
fabrics in the sample area are 1TS  foliations. The Paleoproterozoic metamorphic age is 
mainly obtained from the zircon cores which are surrounded by ca. 1000 Ma 
metamorphic zircon rims. The Paleoproterozoic metamorphism is not associated with any 
of our three deformation phases.  
Zones in group AEII and zone W21 are interpreted as having formed in metamorphic 
zircons grown in the D1-D3 deformation phases. Although it is not possible to assign 
timing to each deformation phase base on these available isotope data, my 
geochronological study support the structure correlation. Zone E24 may grow in D1 
deformation phase and zone E26 in D2 deformation phase. The 207Pb/206Pb age of 1293±
133 Ma from zone W21 is quite discordant and not reliable. Therefore the timing of the 
three deformation phases can be constrained to be in the range of 1079-962 Ma from the 
two dated samples.        
5.4.3.2 Wanapitei metagabbroic WCC 
Twenty one spots of the zircons from sample WCC are analyzed, 18 of which (C4-C21) 
are on zircons with irregular shapes and patchy zonation or "spongy texture" (Figure 
5.14) interpreted as metamorphic zircons. These zircons are derived from 
recrystallization of original zircons during metamorphism, which is supported by the 
zircon with spot C3 on it. The left half of this zircon is characterized by "spongy texture" 
while the right half of the zircon (zone C3) shows oscillatory zoning. The whole zircon 
was an igneous zircon that underwent metamorphic recrystallization on its left side while 
its right side (zone C3) remains almost intact.  
 
146 
 
 
Figure 5.14 CL image of the dated zircons and conventional concordia diagram for 
LA-ICP-MS analyses of the zircon crystals from the sample WCC.  
The analyzed zircon spots Ci (i=1, 2,..21) are indicated by the yellow circles with 
spot numbers i in red. CL image of the background is removed.   
147 
 
 
Figure 5.15  Th/U ratios at the 21 analysis spots on zircons from sample WCC.   
 
 
 
Figure 5.16  Chondrite-normalized REE patterns for zircons in sample WCC. 
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Analysis zones C1-C3 on the first two zircons in Figure 5.14 are different from the zones 
in the other zircons which show chaotic textures. Zones C1 and C2 are on a euhedral 
zircon crystal with {101} pyramidal crystal form developed. Zone C3 is a relic of an 
igneous zircon. 
Zones within zircons from the Wanapitei metagabbro WCC can be divided into two 
groups. Zones C1-C3 are in group WCI, and Zones C4-C21 are in group WCII. The 
zones in group WCII generally yield concordia age around 1000 Ma, while those from 
group WCI yield discondant 207Pb/206Pb ages more than 1700 Ma.  
Zones in group WCI have high Th/U ratios (0.48-1.14) and are elongated (Figure 5.14; 
Figure 5.15). They are interpreted as parts of magmatic zircons. Zone C1 (rim) and zone 
C2 (core) are different parts of a single zircon, and they have almost identical REE 
composition (Figure 5.16). The core and the rim probably crystallized from the same 
magma. Zone C3 has a typical igneous REE pattern, which is consistent with the 
interpretation of a relic of igneous zircon.   
Zones in group WCII have relative low Th/U ratios (0.08-0.19) and are interpreted as 
metamorphic zircon zones. They yield concordia ages between 1060-980 Ma (Figure 
5.14).  
Since the igneous age of the metagabbro is 1747 Ma (Prevec, 1995), the zircon with spots 
C1 and C2 on it must be an inherited zircon and the zircon with spot C3 on it probably 
crystallized during the emplacement of the Wanapitei metagabbro. The zircon with C1 
and C2 on it has an igneous age of more than 1800 Ma, and therefore was probably 
picked up from the country rocks during the emplacement of the Wanapitei metagabbro. 
Zone C3 shows discordant ages, and has a 207Pb/206Pb age of 1704 ± 62 Ma. This zircon 
probably grew during the emplacement of the metagabbro, and its discordance is 
probably due to Pb loss around 1000 Ma.  
All three deformation phases affected the Wanapitei metagabbro, and the metamorphic 
zircon zones C4-C21 formed in these deformation phases. These zones yield relatively 
concordia ages between 1050 and 980 Ma, and these ages are interpreted as the timing for 
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D1-D3 deformation phases. All zircons are from samples with strong 2TS  foliation and 
most of the ages are concentrated in the range of 1000-980 Ma. The 1000-980 Ma age 
may be correlated to the D3 deformation as the foliation in the metagabbro is a D3 
deformation fabric.   
5.4.3.3 Pegmatite dike PDYEN 
Zircon grains from this sample are large crystals with widths more than 100 mμ . They 
are interpreted as igneous zircons formed in the pegmatite dike. They are brown and 
cloudy looking. CL images show dark zones and bright zones in these zircons (Figure 
5.17). Dark-CL zones are generally located in the outer part of a crystal and are 
connected by networks. Bright zones are generally in the inner part of a crystal and form 
isolated "islands" in one crystal. The dark-CL zones are darker than the background in the 
CL images (Figure 5.17) which suggests that the intensity of the CL emission from the 
dark-CL zones is lower than that from the embedding epoxy resin. The phenomenon 
suggests the dark-CL zones are severely metamict (e.g. Koschek, 1993; Geisler and 
Pidgeon, 2001; Nasdala et al., 2002; Geisler et al., 2003a). The metamictization of the 
zircons is further supported by their cloudy looking and high U concentration (Appendix 
A).   
Isotope data of zircons in the dark-CL zones (P12-P16, P18-P23, and P25) are distinct 
from those of zircons in the bright-CL zones (P1-P11, P17, and P24; Figure 5.17). Dark-
CL zones have much higher U, Th, Ca concentrations and slightly higher Th/U ratios 
compared to bright zones (Figure 5.18). U-Pb data from the 25 spots shown in the CL 
images are plotted in a concordia diagram in Figure 5.17. U-Pb data from dark zones are 
plotted closely to the lower part of the concordia diagram, and those from bright zones 
are plotted in the upper part.  
Analysis spots P24 and P25 are from the same zircon which is irregularly shaped. The 
results are plotted far away from the concordia curve in the concordia diagram (Figure 
5.17). This zircon is different from other zircons by its irregular shape, and is interpreted 
as an inherited zircon. The other zircons are characterized by large and regular crystals 
and are interpreted as being crystallized in the magma of pegmatite.   
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Figure 5.17  CL image of the dated zircons and conventional concordia diagram for 
LA-ICP-MS analyses of the zircon crystals from sample PDYEN.  
Analyzed zircon spots Pi (i=1, 2,..25) are indicated by the yellow circles with spot 
numbers i in red. Note that the CL image of the background (epoxy resin) is 
brighter than the CL-dark zones in zircons. 
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Figure 5.18  U, Th, Ca concentrations and Th/U ratios at 25 analysis spots of zircons 
from sample PDYEN. 
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Figure 5.19 Upper and lower intercept ages calculated by the weighted average ages. 
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The bright zones in the CL images are interpreted as the unaltered domains, and dark 
zones are interpreted as the hydrothermal altered domains. The dark-CL zones developed 
channels due to radiation damage. These channels enable uranium to be more mobile.  
Uranium dissolves well in water. The relatively higher U and Th, Ca concentrations in 
the dark-CL zones indicate that the alteration was hydrothermal, and the dark-CL zones 
gain mobile U, Th and Ca, and lost Pb during the alteration. The gain of Ca in the 
metamict zircon from hydrothermal solutions have been reported in hydrothermal 
experiments and natural hydrothermal zircons (e.g., Krogh and Davis, 1975; Wayne et 
al., 1992; Geisler and Schleicher, 2000; Geisler et al., 2002, 2003a,b). The higher U and 
Th concentrations in the dark-CL zones may be due to redistribution of original U and Th 
in the zircon crystals during the hydrothermal alteration or/and gain of extra U and Th 
from hydrothermal fluid.   
Zones P1-P23 are plotted closely along a discordant chord in the concordia diagram. 
Zones P1 and P3-P6 are plotted closely to the concordia curve in the upper part of the 
concordia diagram. Their weighted average 207Pb/206Pb age is 953 ± 33 Ma 
(MSWD=0.56), and this age is regarded as the minimal upper intercept age (Figure 5.19). 
It is a minimal age because the subsequent lead loss is not at 0 Ga. Zones P20-P22 are 
plotted closely to the concordia curve at the bottom of the concordia diagram. Their 
weighted average 238U/206Pb age is 251 ± 25 Ma (MSWD=2), and this age is regarded as 
the lower intercept age.  
The upper intercept age is interpreted as the timing of pegmatite emplacement and the 
lower intercept age of 251 Ma as the timing of the hydrothermal alteration event. The 953 
Ma represents the timing of late D3 deformation in the sample location. The 251 Ma 
hydrothermal event has not been reported before in the study area. No igneous 
emplacement is around 250 Ma in the study area or nearby. The 251 Ma hydrothermal 
event may be related to the Alleghanian deformation in the Appalachians. The mylonite 
foliation and 1TS  foliations may allow the hydrothermal fluid to travel several hundred 
kilometers to the Grenville Front.  
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5.4.4 Zircon dating summary 
Our zircon dating suggests that the timing of the three deformation phases is in the range 
of 1079-953 Ma. The data support the regional structure correlation.   
5.5 Conclusions 
The fabric comparison between my study area and the area south in the Shawanaga 
Domain and the Parry Sound Domain indicate that rocks in the two areas underwent the 
same deformation phases: D1 and D2. My study area differs from the area south by the 
presence of the D3 deformation fabrics. These fabrics are a consequence of NW-SE 
contraction which started as NW-SE buckling of 1TS  foliations to form F4 folds and 
ended by top-to-the-NW thrusting.  
The timing for D1 and D2 in the Shawanaga Domain and the Parry Sound Domain is 
already well constrained by previous geochronological data, and the regional structure 
correlation enables the timing of the two deformation phases to be constrained. The 
deformation timing is supported and further constrained by zircon dating of the 
deformation phases in my study area.  The formation of the sub-horizontal 1TS  foliation 
in D1 deformation occurred in the range of 1079-1030 Ma. D2 deformation occurred 
during 1028-1018 Ma. The F4 folding and thrusting in D3 deformation occurred during 
1000-953 Ma.     
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Chapter 6
Mylonite zones at the Grenville Front, south of 
Coniston, Ontario: their development and relationship to 
the regional deformation
6.1 Introduction 
The Grenville Front Tectonic Zone (GFTZ) is a NE-trending belt at the northwest front of 
the Grenville Orogen (Wynne-Edwards, 1972; Davidson, 1984). It is a major tectonic 
feature formed during the Grenvillian Orogeny, and understanding its kinematics is 
important for elucidating the Grenvillian Orogenic process as a whole. Mylonite zones 
develop within the GFTZ, especially at its northwest margin (Chapter 4).  
The development of the GFTZ and the associated mylonite zones have been briefly 
described in Chapter 4. The GFTZ is characterized by tectonic transposition (Williams 
and Jiang, 2005) producing a compositional layering transposition foliation, lineations, 
tight-to-isoclinal folds, and mineral lattice preferred orientations (LPO). It is shown in 
Chapter 4 that one type of transposition foliation ( 1TS ) is present almost everywhere in 
the GFTZ and was overprinted at the northwest margin of the GFTZ by another 
transposition foliation ( 2TS ). In this chapter I will present evidence to demonstrate that 
the mylonite zones were developed in the same deformation in which 2TS  was formed. 
The mylonitic foliation is in fact the high-strain equivalent of 2TS . Therefore 
understanding the kinematics of the mylonite zones will help us further refine the 
regional deformation responsible for 2TS .  
About 2 km south of the town of Coniston, rocks in the GFTZ are well exposed and 
mylonites were developed (Figure 6.2). Fabrics in this area, especially folds, are modified 
and produced in the deformation associated with mylonite development. Therefore, these 
fabrics can be used to study the mylonite development. Many geologists have studied the 
fabrics in the area (Brown, 1967, 1968; Dalziel et al., 1969; La Tour, 1979). They all 
agree on the top-to-the-NW shearing in mylonites, but disagree on the origin of the folds.  
163 
 
 
Figure 6.1 Location of the area covered in this chapter.  
(a) A regional geological map showing the location of the area in (b) with respect to 
the whole Grenville Province. The area in (b) is located at the NW boundary of the 
Grenville Province.  
(b) A detailed map showing that the study area (the rectangle) is located south of 
Coniston and is at the boundary between the Southern Province and the Grenville 
Front Tectonic Zone. The two black lines here indicate the trace of the 1TS  
transposition foliation. The transposition foliation on the map suggests regional 
scale NNW-trending folds.  
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Figure 6.2 Geological map of the study area.  
Sedimentary beds are outlined in the upper left part of the area. The lower right 
part is within the GFTZ and is highly deformed. Two different NE-trending 
mappable mylonite zones were developed in the highly deformed part. One is 
covered by Domains II and III and the other is foliated metasediment in Domain I. 
The coordinate system in the map is the Universal Transverse Mercator coordinate 
system in the north part of zone 17 and the datum used is the North American 
Datum of 1983.   
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This area is a poly-deformed area, and folds in it can be inherited from earlier 
deformations or formed during the shearing that was responsible for the mylonites. The 
inherited folds are referred to as type I folds here. The other folds fall in two types 
(Carreras et al., 2005). Type II folds are developed by folding pre-existing layers or 
foliations and type III folds are developed through folding layers and foliations produced 
by shearing. 
Many papers consider type III folds as dragfolds with hinges initially parallel to the 
vorticity. These folds are modified and reoriented in shearing such that their hinges 
approach parallelism with the fabric attractor of the shear zone (e.g., Hansen, 1967; 
Skjernaa, 1989; Jiang and Williams, 1999). The geometry of these folds can be used to 
constrain the shear zone kinematics (e.g., Hansen, 1967; Howard, 1968; Alsop and 
Holdsworth, 1999, 2006; Kuiper et al., 2007) and even viscosity (Marques et al., 2008). 
However, due to high strain, folds of the above three types generally have the same style 
and orientation. They are all either tight or isoclinal, and have similar orientations with 
axial planes all sub-parallel to the shear zone boundary (Hobbs et al. 1976, p. 287; Jiang 
and Williams, 1999; Kuiper et al., 2007). Therefore, it is generally difficult to reconstruct 
the history of fold evolution by their current styles and orientations. Due to this difficulty, 
geologists have different interpretations for the folds south of Coniston. Brown (1967, 
1968) and Dalziel et al. (1969) concluded that isoclinal folds were type III folds 
developed in the top-to-the-NW shearing, and that tight folds postdated the shearing. 
However, La Tour (1981) found that most folds in the study area, whether isoclinal or 
tight, were type III folds.   
This chapter focuses on the kinematics of the study area in the GFTZ. Structural analysis 
is normally carried out in poly-phase deformed areas using the methodology of Bruno 
Sander described and developed by Turner and Weiss (1963). In this chapter I use this 
structural analysis methodology to study the fabrics in the area (Figure 6.2). I will show 
that most folds are type II folds and their evolution is highly related to the development 
of the mylonite zones.  
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6.2 Geological settings 
The GFTZ varies in width from several kilometers to tens of kilometers (Wynne-
Edwards, 1972; Davidson, 1984). Within the GFTZ, several NE-striking mylonite zones 
were developed at its northwest margin. Southeast of Sudbury, most rocks within the 
GFTZ are reworked equivalents of those from the Southern Province and Paleo- to 
Mesoproterozoic plutons (Lumbers, 1975; Corfu and Andrews 1986; Davidson and van 
Breemen, 1994). The Southern Province mainly consists of Huronian Supergroup 
metasedimentary rocks which were deposited between 2480 and 2220 Ma and were 
subsequently deformed to form E-trending doubly-plunged regional folds in the 1850-
1830 Ma Penokean Orogeny (Chapter 3). Some Paleo- to Mesoproterozoic intrusions are 
present at the Grenville Front, and they are the 2220 Ma Nipissing diabase, a 1749 Ma 
granite, and a 1464 Ma granite (Davidson and Van Breeman, 1994). 
Three deformation phases (D1-D3) have been identified in the GFTZ during the 
Grenvillian Orogeny (1090-950 Ma), which are described in Chapter 4. D1 deformation 
produced a transposition foliation ( 1TS ) and isoclinal F1/2 folds. D2 deformation produced 
regional scale F3 folds. D3 deformation formed F4 folds, 2TS  transposition foliation, and a 
mylonitic foliation. D3 deformation occurred during 1000-950 Ma. The study area 
covered in this chapter is at the core of a regional-scale F3 (Figure 6.1). Fabrics in the 
GFTZ part of the study area (Figure 6.2) are characterized by NNE-to-NE-striking 
foliations and SE-plunging lineations, and it is a strongly deformed area. According to 
the deformation structures, this area is divided into three domains (Domain I, Domain II 
and Domain III). Two mappable mylonite zones are present within this area. One is 
covered by Domains II and III, and the other is in the metasediment in Domain I.      
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Figure 6.3 Transposition foliation ( 1TS ) developed in the undivided gneiss in D1 
deformation phase.  
This outcrop is at the NW boundary of Domain I in the undivided gneiss between 
Alice Lake and Baby Lake. Rocks with various origins (granite, metasediments, and 
mafic intrusions) are transposed. As shown in this photo, transposition foliation 
orientation is marked by the black line. Some rootless folds stand out by mafic 
layers in dark bluish grey. Rootless folds at the right are completely tightened and 
the transposition foliation is well developed; however, at the left rootless folds are 
clearly preserved.   
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6.3 Lithology 
The study area consists of eight mappable units. As shown in Figure 6.2, they are the 
greenschist facies Mississagi metasandstone, the strongly foliated metasedimentary rocks, 
the deformed 1749 Ma (Davidson and Van Breeman, 1994) granite, the foliated 1464 Ma 
(Davidson and Van Breeman, 1994) megacrystic granite, the amphibolite, the Nipissing 
diabase, the foliated 1747 Ma Wanapitei Complex, and the undivided gneisses. The 
Mississagi metasandstone is part of the Huronian Supergroup metasedimentary rocks in 
the Southern Province. The strongly foliated metasedimentary rocks are mainly reworked 
equivalents of the Huronian Supergroup metasedimentary rocks. Nipissing diabase is 
present in both the Southern Province and the Grenville Province. The undivided gneisses 
are a mixture of the other mappable units, and they are generally migmatitic and at some 
places are mylonitized. They are the typical rocks of the Grenville Province.  
6.4 Structures 
A syncline is developed in the Mississagi metasandstone of the study area. The axial 
plane of the syncline strikes NE and is sub-vertical. As the Grenville Front is approached 
from NW, the Mississage bedding is overturned to dip toward SE, due to the overprinting 
of the NW-SE shortening in the Grenvillian Orogeny. Structures in this part of the 
Southern Province are described and discussed in detail in Chapter 3. Deformation 
structures in the Grenville Province part are more complex. In order to describe the 
fabrics clearly, the study area is divided into three homogeneous structural domains 
(Figure 6.2). Within each domain, the fabrics are relatively uniformly oriented or show 
simple patterns defining a homogeneous domain (Turner and Weiss, 1963). Fabrics 
within the GFTZ part of the study area include transposition foliations, isoclinal to tight 
folds, mylonitic foliations, lineations, mineral lattice preferred orientations, and brittle 
faults. They are described in more detail below. 
6.4.1 Transposition foliations and lineations 
Two generations of transposition foliations are present in the study area. The 
transposition foliation of the first generation ( 1TS ) is present everywhere except at the  
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Figure 6.4 Overprinting relationship of two generations of transposition foliations 
near the Grenville Front in Domain I.  
This photo shows a vertical face of an outcrop. Transposition foliation 1TS  (black 
line) is folded and starts to be transposed by an axial planar foliation 2TS  (red line). 
2TS  is sub-vertical and approximately parallel to the Grenville Front.  
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Figure 6.5 Lower-hemisphere equal-area projections of fabric elements in the study 
area.  
Light grey solid circles with black rims: poles to 1TS  foliations. Dark grey solid 
circles with green rims: poles to 2TS  foliations. Open circles with black rims: L1 
lineations. Open circles with green rims: mylonitic lineation. Blue diamonds: poles 
to geometrical fold axial planes. Upper triangles: S-fold axes. Squares: M-fold axes. 
Lower triangles: Z-fold axes. In (a-c) fold generations are not differentiated and all 
folds are plotted. In (d) only F4 from the area of Figure 6.1b are plotted.   
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NE-trending mylonite zones where it has been completely replaced by the second 
generation transposition foliation ( 2TS ). 
1TS  is defined by a compositional layering. It varies in orientation in the study area. It 
strikes north to east and generally dips toward southeast. On this foliation, mineral 
lineation (L1) can be observed. 1TS in the study area is the same transposition foliation 
that is observed further south in the GFTZ (Chapter 4).  
Rootless isoclinal folds are generally present within 1TS . These folds are intra-folial to 
1TS . 1TS , the intra-folial isoclinal folds, and the metamorphism of the rocks are 
consistent with the High Grade Metamorphic Nappe Association of Williams and Jiang 
(2005). They are interpreted as being developed in a non-coaxial flow by tectonic 
transposition, continuous folding and re-folding of the transposition-generated 
compositional layers.  
2TS  generally dips steeply toward SE and is approximately parallel to the Grenville Front, 
the boundary contact between the Southern Province and the Grenville Province. 
Towards and inside mylonite zones, 2TS  becomes the mylonitic foliation on which there 
is a nearly down-dip stretching lineation. Overprinting relationship between 1TS  and 2TS  
are preserved in some outcrops (Figure 6.4).  
1TS  dominates in Domain I while the 2TS  replaced the 1TS  in Domains II and III. 
Fabrics in the three domains are plotted on the equal-area stereonet in Figure 6.5. Plotted 
data from different domains show different patterns. In Domain I, foliation generally 
strikes NE and lineation plunges toward directions in a wide range. In Domain II, 
transposition foliation 2TS  or the mylonitic foliation generally strikes NNE and mineral 
lineation plunges toward SE. On the equal-area stereonet, mylonitic lineations form a 
point maximum. Poles of mylonitic foliations spread along a great circle whose pole is at 
the point maximum representing the mean mylonitic lineations. It has been reported in 
natural mylonite zones and also demonstrated in experiments that folds/cones with axes 
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along maximum extension can be produced during shearing which is responsible for 
mylonites (Yin, 1991; Becker, 1995; Snoke, 1998). The folding of mylonitic foliations 
and the parallelism of fold axis with the lineations are interpreted as occurring during the 
shearing which produced the mylonites. This interpretation is supported by the observed 
fold orientation and style in the mylonites, which will be shown in the next section.  
6.4.2 Folds 
Four generations of folds are recognized outside of the mylonite zones in Domain I. F1 
and F2 are isoclinal folds. They may develop axial plane foliations and their axial 
surfaces are always parallel to 1TS  foliation. These folds are generally rootless intra-
folial folds. They occurred during the development of 1TS  transposition foliation. These 
two generations of folds have the same style. Unless an overprinting relationship is 
observed in an outcrop, they cannot be distinguished from each other. They are therefore 
referred to as F1/2 folds where the overprinting relationship is not observed. F1/2 are 
inherited from D1 deformation and are thus type I folds. Due to a strong overprinting of a 
later deformation (D3), F3 are not recognizable in Figure 6.2. It has been shown in 
Chapter 4 that, in the GFTZ, F3 are regional scale folds and cannot be completely 
observed at a single outcrop due to their large amplitude and wavelengths (Figure 6.1). F4 
are clearly observed in Domain I. In some outcrops, 1TS  and F1/2 are folded by tight to 
isoclinal folds whose axial planes are parallel to the Grenville Front boundary contact 
between the Southern Province and the Grenville Province (Figure 6.6). It has been 
demonstrated in Chapter 4 that folds overprinting F1/2 and being in such an orientation are 
F4. In the study area, F4 may develop an axial plane cleavage which is the transposition 
foliation 2TS  parallel to the Grenville Front (Figure 6.4). F4 are formed by folding 
existing foliations ( 1TS ) during shearing, and they are type II folds.  
In Domain I, F1/2, and F4 are hard to be distinguished unless their overprinting 
relationship is observed. 1TS  was rotated to sub-parallel to the Grenville Front, and F1, F2, 
and F4 have similar orientations. These folds are all tight to isoclinal. Because of this, it is 
generally hard or impossible to determine a generation for each individual fold.  
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Figure 6.6 Fold overprinting in Domain I.  
F1, F2, and F4 are tight to isoclinal folds. Close to the Grenville Front where the 
strain is high, these folds have similar styles and their axial planes all oriented 
proximately parallel to the Grenville Front.  
174 
 
 
Figure 6.7 Two generations of folds in the mylonitic metasediments in Domain II.  
Photo taken looking down on outcrop. An isoclinal fold (may be F4) has its axial 
plane parallel to the transposition foliation 2TS . The transposition foliation is 
defined by alternative quartz-rich layers and clay-rich layers, and its orientation is 
marked by the black line. Both of the 2TS  and the isoclinal fold are slightly folded 
by F5 (see text for details). All fold axes are steeply dipping and are approximately 
parallel to each other. Stretching lineations are present on the 2TS , and they are 
parallel to the fold axes of F4 an d F5.  
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Figure 6.8 A sheath fold outlined by transposed metasedimentary rocks.  
Fold axis plunge directions are indicated by the arrows. The bending of the fold axis 
indicates top-to-the-NW thrusting.  
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Figure 6.9 Isoclinal and intra-folia fold (F4?) in mylonitic metasediment in Domain 
III.  
Photo taken looking southwestward. The axis of the isoclinal fold is parallel to the 
mylonitic lineation.  Caterpillar and pen for scale. 
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Although it is hard to assign a generation to each individual fold, most folds in Domain I 
are likely F4. Fold axes from Domain I are all plotted in Figure 6.5a. The fold axis pattern 
is similar to that of F4 folds from the country rocks in the GFTZ shown in Figure 6.1d. 
The similarity between the fold axis patterns suggests that most folds in Domain I are F4.  
At least two generations of folds (F4 and F5) are recognizable within the mylonite zone of 
Domains II and III. These folds have the mylonitic foliation as their fold surfaces. One 
generation is isoclinal (Figure 6.7; Figure 6.9). The other generation gently folds the 
mylonitic foliation, and overprints on the intra-folial folds (Figure 6.7). The scale of these 
folds varies. A sheath fold with amplitude of about 25 m, as shown in Figure 6.8, was 
identified in the mylonitized metasediment in Domain III, while folds are typically in 
centimeter scale, as shown in Figure 6.7 and Figure 6.9, in Domains II and III. 
Because of extremely high strain and transposition, it is impossible to correlate, with 
certainty, folds within the mylonite zones to those in the country rocks. However, we do 
see a gradual transition in both the fold style and the orientation when we approach the 
Grenville Front from southeast. As mentioned earlier, the fold axis pattern for Domain I 
is similar to the F4 fold axis pattern for the whole GFTZ. Axes of S-folds are generally 
plotted in the NE quadrant, and those of Z-folds are plotted within in the NW quadrant. 
Compared to those (Figure 6.5d) from the whole GFTZ, axes of folds from Domain I 
have smaller interlimb angles and are closer in axis orientations to the mylonitic lineation. 
Within mylonite zones, the isoclinal folds have even smaller interlimb angles than the 
folds in Domain I, and some of their fold axes are along the mylonitic lineation. Folds 
from Domain I are located very close to the mylonite zone (Domain II and Domain III), 
while F4 shown in Figure 6.5d, for the whole GFTZ, were measured far away from the 
mylonite zone. There is a gradual change in both the fold interlimb angle and the 
orientation as the distance to the mylonite zone decreases. This gradual transition 
suggests that some of the isoclinal intra-folial folds in the mylonite zones are F4 folds.  
Figure 6.7 shows an overprinting relationship between the two generations of folds 
within the mylonite zone. F5 folds overprint on a F4 (?) isoclinal fold. F5 folds 2TS , which 
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is consistent with the equal-area projection of 2TS . As pointed out in the last section, the 
pattern of the equal-area projection suggests existence of folds of the mylonitic foliation. 
Axes for both the F4 and the F5 in Figure 6.7 are almost down-dip, and are parallel to the 
mylonitic lineations. These observations support the interpretation that F5 were developed 
in the top-to-the-NW shearing.  
6.4.3 Mylonites 
Mylonites in the study area were mainly developed in the 1479 Ma granite and the 
metasediment. They tend to concentrate in felsic rocks, and are irregular and lenticular in 
shape. I agree with Brown (1968) and La Tour (1979) that the protolith of the mylonitic 
metasediment is mainly the Mississagi sandstone.   
Quartz grains from the Mississagi sandstone in the Southern Province close to the 
Grenville Front show evidence of deformation lamellae and the beginning of bulging 
recrystallization (Figure 6.10), indicating a deformation temperature between 250˚ and 
300˚ (Stipp et al., 2002).  
The deformation temperature of the mylonites is higher than that in the Mississagi 
sandstone, and it increases southeastward. This is indicated by deformation of quartz 
inspected under the microscope (Figure 6.10; Figure 6.11). In Domain III, away from the 
Grenville Front, the recrystallization of quartz grains changes from subgrain rotation 
(SGR) recrystallization to grain boundary migration (GBM) dominated recrystallization, 
which suggests that the deformation temperature was between 400˚ to 530˚ (Stipp et al., 
2002) across Domain III. South of Domain III one mylonite zone is mapped in Domain I, 
and the quartz grains were totally dynamically recrystallized by grain boundary 
migration. This type of dynamic recrystallization occurs in high temperature (Stipp et al., 
2002), which is consistent with the estimated temperature of 610˚ in La Tour (1979).  
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Figure 6.10 Quartz porphyroclast showing deformation lamellae  
The deformation lamellae orients from top left to bottom right. Quartz grains are 
large and show undulatory extinction. Sample is from Mississagi sandstone just 
north of the Grenville Front in the Southern Province.  
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Figure 6.11 Photomicrographs of dynamically recrystallized quartz under cross 
polarized light.  
(a) Granitic mylonite with a feldspar porphyroclast (top left) in a matrix of small 
quartz aggregates. The grain aggregates of quartz formed by SGR recrystallization. 
(b) SGR recrystallized quartz grains in granitic mylonite. (c) Quartz ribbons with 
SGR quartz grains. This sample is from the mylonitic metasediment belt which is to 
the SE of the granitic mylonites. (d) SGR quartz grains derived from quartz 
ribbons. Elongated feldspar grains are at the left bottom. Sample from the mylonitic 
metasediment belt in the middle of Domain III. (e) Elongated quartz ribbons in the 
middle below the feldspar grains and SGR quartz grains at the top. Sample from 
the mylonitic metasediment belt at the south boundary of Domain III. (f) 
Dynamically recrystallized quartz formed by GBM recrystallization. Mica grains 
align horizontally and some of them (one is indicated by the arrow) pin into 
recrystallized quartz grains. The "pinning" microstructure is evidence for the grain 
boundary migration recrystallization.  Sample from the mylonitic metasediment belt 
in Domain I.  
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Figure 6.12  Microstructures in porphyroclastic mylonites showing shear senses.  
All sections are parallel to the stretching lineation and perpendicular to the 
mylonitic foliation, viewed toward northeast. All photomicrographs are taken from 
the mylonitic grante, and they show top-to-the-left shear sense. (a) A sigma feldspar 
porphyroclast. (b) C'-type shear band and the C- foliation. Under plane polarized 
light. (c) Dynamically recrystallized quartz grains showing S- (shape) foliation and 
C- foliation. Cross polarized light. 
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Figure 6.13 Quartz c-axis fabrics of dynamically recrystallized quartz in mylonites.  
Quartz c-axis fabrics viewed toward NE. Lower-hemisphere equal-area projection. Each projection shows quartz c-axis 
fabrics from one thin section. The thin sections are parallel with XZ plane of the strain ellipsoid with X, Y, and Z being the 
principal axes of the finite strain ellipsoid. The mineral lineation direction is regarded as X direction and mylonitic S foliation 
as XY plane.  
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Shear sense indicators from the mylonite zone in Domain III show consistent shear sense 
(Figure 6.12). S-C structure defined by elongated dynamically recrystallized quartz grains 
and micas, C' structure defined by micas, and mantled porphyroclasts show exclusively 
top-to-the-NW shear sense.  
Quartz c-axis orientations from mylonites were measured to study the deformation 
temperature and shear sense. The orientations were measured using a U-stage attached to 
a Leitz microscope. The measurement data are in Appendix B at the end of this thesis.  
The quartz c-axis orientations (Figure 6.13) suggest that the deformation temperature 
increases southeastward and the shearing is top-to-the-NW thrusting. From north to 
south, systematic changes in the quartz c-axis pattern occur. The quartz c-axis patterns 
are crossed girdles in Domain III and the north part of Domain I, and a single girdle in 
the mappable mylonite zone in Domain I. The c-axis maximum changes gradually from 
periphery of the stereonet for quartz grains at the Grenville Front to the center in Domain 
I, indicating that the dominated slip system changes from quartz basal <a> slip though 
rhomb <a> slip to prism <a> slip (Passchier and Trouw, 2005). For the crossed girdles, 
both type I and type II crossed girdles are present and the opening angle of the small 
circles increases with distance of the quartz grains away from the Grenville Front. The 
systematical changes in the dominated slip system and the opening angle with distance to 
the Grenville Front indicate that the deformation temperature increases away from the 
Grenville Front. This is consistent with the conclusion drawn from the types of 
dynamically recrystallized quartz grains. Some quartz c-axis patterns are clearly 
asymmetric, and the sense of asymmetry indicates top-to-the-NW shearing for the 
mylonites.   
6.4.4 Faults 
Faults occur at the Grenville Front. These faults are parallel to the Grenville Front contact 
and dip steeply southeast. A major fault is marked in Figure 6.2. Davidson (1992, 1997) 
suggests that this fault was a reverse fault during late exhumation of the Grenville Orogen 
and possibly was reactivated as a normal fault during the late Neoproterozoic. In the area  
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Figure 6.14 Brittle deformation overprinted on mylonites.  
A small fault occurs in Nipissing gabbro. Viewed toward northeast. Normal drag is 
present between the chisel and hammer. The convex mylonitic foliation in the 
direction of slip suggests top-to-the-NW displacement.   
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of this study, slickenside striations, steps, and fault drags are present along the faults at 
some outcrops. Whenever senses of movement on fault surfaces can be determined, top-
to-the-NW displacement is inferred. One fault is shown in Figure 6.14, and the normal 
drag above the fault plane shows top-to-the-NW displacement. The similarity in 
orientation and consistency in sense of displacement suggest that all these faults may 
form in the same stress field. These faults are interpreted as forming in the shallow crust 
in response to the top-to-the-NW shearing in mylonites in the deep crust at the end of D3 
deformation phase.   
6.5 Relationship between folds and NE-trending mylonite 
zones 
From the description and analysis of the structures in the study area, origins of the four 
generations of folds outside of the mylonites are quite clear. Structures in the study area 
are similar to those in the rest area of the GFTZ. Detailed structural analysis of the fabrics 
in the study area confirms the three deformation phases described in Chapter 4 and that 
the mylonite zones in the GFTZ developed in the last deformation phase. In terms of the 
origin, F1, F2 and F3 are inherited folds while F4 are shear-related folds. F4 formed by 
folding existing foliations during the development of the NW-trending belt (the GFTZ).  
All F4 folds have steeply dipping axial planes which are approximately parallel to the 
Grenville Front. In Chapter 4, it has been demonstrated that F4 folds were developed due 
to the NW-SE shortening. F4 folds in the study area are generally tighter than F4 folds 
further south in the GFTZ. Due to F4 folding, inherited foliations ( 1TS ) were generally 
rotated to reach parallelism to the Grenville Front. Besides 1TS , another transposition 
foliation 2TS  developed at some outcrops and it is axial planar to the F4 folds. 2TS  
transpositioning is therefore an advanced deformation stage of the F4 folding. 2TS  has the 
same orientation as the mylonitic foliation, and a transition from 2TS  to mylonitic 
foliation can be observed. Therefore, for some mylonites, it can be concluded that the 
mylonitization is the enhanced deformation stage of the 2TS  transposition. Both the 2TS  
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transpositioning and the mylonitization accompanied F4 folding and all of them occurred 
in the progressive NW-SE shortening. Therefore, the NW-SE shortening with F4 folding 
led to the development of the NE-trending mylonite zones. 
6.6 Conclusions 
This chapter presents deformation fabrics at the Grenville Front south of Coniston, 
Ontario, Canada. Structural analysis was used to decipher the origins of the folds and 
development of the mylonites.  
Four generations of folds are recognized outside of the mylonite zones. Most of them are 
F4 which formed by folding existing foliations during the development of the NE-
trending belt, namely, the GFTZ. Deformation fabrics associated with the development of 
the GFTZ are F4 folds, transposition foliation 2TS , and mylonites. These fabrics were 
developed in the progressive NW-SE shortening in late Grenvillian Orogeny.  
Mylonites formed in the top-to-the-NW shearing. Deformation temperature for the 
mylonites increases from about 400°  at the Grenville Front to about 610°when it is 
about 600 m SE of it.    
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Chapter 7
Problems with some commonly used vorticity  
analysis methods  
7.1 Introduction 
Ever since the recognition of the Earth's lithosphere, attempts have been made to 
understand its deformation and rheology, through different approaches, such as 
geophysical investigations, geological mapping, numerical modeling, analogue modeling, 
and laboratory experiments on rock materials (e.g., Carter, 1975; Kirby, 1983; Kohlstedt 
et al., 1995; Jackson, 2002; Handy and Brun, 2004). Geophysical investigation and 
geological mapping suggest that the Earth’s lithosphere is characterized by heterogeneous 
deformation. Significant strains are often localized in tabular ductile shear zones 
especially at tectonic boundaries (e.g., Pili et al., 1997; Savage, 1999 and references 
therein; Regenauer-Lieb and Yuen, 2003; Vauchez and Tommasi, 2003; Williams and 
Jiang, 2005). Shear zones accommodate most deformations of the lithosphere. Once a 
shear zone is formed, it becomes a weak zone and later deformation tends to localize 
within it. Therefore, the deformation and rheology of the lithosphere basically depend on 
the deformation and rheology of natural shear zones.  
Deformation in shear zones is traditionally studied through field observations, in which 
fabric geometry is recorded and analyzed. Field-based kinematic study of shear zones 
plays a fundamental role because many other studies depend on it. The knowledge of 
natural shear zone kinematics helps to set up the kinematic framework for numerical 
modeling, analogue modeling, and laboratory experiments from which results are 
compared to natural fabrics to investigate the deformation and rheology of deformed 
rocks in shear zones.  
Kinematic analysis of rock fabrics has been practiced since Bruno Sander's methods were 
described in Turner and Weiss (1963) (e.g., Ratschbacher et al., 1991a; Macfarlane et al., 
1992; Coleman, 1996). My work presented in Chapter 6 is an example of this kind of 
analysis. 
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In kinematic analysis of shear zones, many people have attempted to gain more 
quantitative information (e.g., Wallis et al., 1993; Wallis, 1995; Grasemann et al., 1999; 
Xypolias and Koukouvelas, 2001; Law et al., 2004; Frassi et al., 2009; Langille et al., 
2010). These quantitative kinematic studies have so far been limited to monoclinic flows, 
although triclinic flows are more common in nature (Robin and Cruden, 1994; Lin et al., 
1998). In these studies a kinematic parameter, usually the kinematic vorticity number, is 
used to constrain the flow kinematics. The kinematic vorticity number is a measure of the 
relative contributions of the simple shearing component and pure shearing component of 
a flow. The kinematic vorticity number is 1 for simple shearing, 0 for pure shearing, and 
between 0 and 1 for general shearing. Kinematic vorticity numbers greater than 1 are not 
possible for bulk flows in natural shear zones, and they are not considered here.  
Many methods have been proposed to estimate the kinematic vorticity number from rock 
fabrics in natural shear zones. The commonly used fabrics include dynamically 
recrystallized quartz grains (e.g., Wenk et al., 1987; Vissers, 1989; Ratschbacher et al., 
1991b; Wallis, 1992, 1995), quartz porphyroclasts and S-foliations (Xypolias and 
Koukouvelas, 2001; Bailey and Eyster, 2003; Law et al., 2004; Sullivan, 2008), deformed 
dykes or veins (e.g., Passchier and Urai, 1988; Wallis, 1992; Short and Johnson, 2006; 
Kuiper and Jiang, 2010), and rigid clasts (e.g., Passchier, 1987; Wallis et al., 1993; 
Simpson and De Paor, 1997). The estimated kinematic vorticity numbers using these 
fabrics have been used to infer large scale tectonic boundary conditions of some major 
shear zones in mountain belts, and to serve as evidence for some tectonic models. For 
instance, Grasemann et al. (1999) used their estimated vorticity numbers (0.57-0.71) from 
tension gashes and dynamically recrystallized quartz grains in the Main Central Thrust 
Zone to suggest an extrusion model for the exhumation of the crustal wedge bounded by 
the South Tibetan detachment zone and the Main Central Thrust Zone in NW-Himalaya. 
Xypolias and Koukouvelas (2001) carried out vorticity analysis using rigid clasts and 
dynamically recrystallized quartz grains throughout the Chelmos Shear Zone in Greece 
and used the results to support an extrusion model for the zone (Xypolias and Doutsos, 
2000).  
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However, the above commonly used vorticity analysis methods are generally based on 
some invalid assumptions and the reliability of these methods are questionable. In this 
and the next chapters, the commonly used vorticity analysis methods are critically 
reviewed. Chapter 8 will specifically evaluate the vorticity analysis methods using rigid 
clasts.  This chapter will critically review all other methods. Using numerical modeling, I 
will point out the source of uncertainties in these methods and demonstrate that these 
methods have uncertainties too large for them to be useful.  
7.2 Basic concepts of flow 
7.2.1 Flow fields in shear zones 
Flow of rocks in a ductile shear zone can be regarded as a combination of a zone-
boundary-parallel simple shearing and a zone-boundary-orthogonal pure shearing. In this 
chapter a right-handed Cartesian coordinate system is used to define the flow field. The 
coordinate system is such that the X-axis is parallel to the strike of the shear zone, the Y-
axis is perpendicular to the boundary of the shear zone, and the Z-axis is down dip 
(Figure 7.1). In this chapter, steady-state monoclinic flows are considered and the simple 
shearing direction is parallel to the X-axis. The three principal strain rates of the pure 
shear component are parallel to the coordinate axes. The flow field can be described in 
the coordinate system by a velocity gradient tensor L of the form: 
0
0 0
0 0
x
y
z
ε γ
ε
ε
−⎛ ⎞⎜ ⎟= ⎜ ⎟⎜ ⎟⎝ ⎠
L
 


    (7.1) 
where γ  (>0) is the shear strain rate for the simple shearing component, and xε , yε , and 
zε , are the strain rates parallel to the X-, Y- and Z-axis respectively (Figure 7.1). I use 
thinning zones ( 0yε < ) as examples to present my study in this section and the sections 
that follow.  
195 
 
 
Figure 7.1  Flow defined in a right-handed coordinate system.  
Flow is described with respect to the shear zone boundary (SZB). The coordinate 
system is set so that X-axis is parallel to the strike of the SZB, and Y-axis is 
perpendicular to the SZB. The simple shear component (γ ) is along X-axis. The 
strain rate xε , yε , and zε  are parallel to X-, Y- and Z-axis respectively. The 
vorticity of the flow is along the positive direction of Z-axis, and the vorticity 
normal-section (VNS) is the XY-plane. 
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Figure 7.2 Strain rate and angular velocity of material lines on the XY-plane (also 
the VNS).  
(a) Behaviors of material lines on the VNS in a thinning shear zone. One flow 
apophysis (A1) is along the shear zone boundary, and the other one (A2) inclines at a 
synthetic angle to the shear zone boundary. Material lines on the VNS rotate away 
from A2 toward A1. Material lines oriented in the white sector are undergoing 
negative stretch (shortening), and those in the shaded sector are undergoing positive 
stretch (extension). These two groups of material lines are separated by the two 
orientations ( 1E  and 2E ) along which material lines have zero longitudinal strain 
rates. The two principal instantaneous strain rates are Hε  along the ISA1 and hε  
along the ISA2. FWR: forward rotating (rotate with vorticity). BWR: backward 
rotating (rotate against vorticity). (b) Mohr circle for tensor L  described in Eq. 
(7.1) in a Cartesian coordinate system. The Mohr circle shows angular velocities (ω , 
in radian per unit time) and strain rates (ε ) of all material lines on the VNS in a 
flow described in Eq. (7.1). Coordinates of A1( xε ,γ ) and B( yε ,γ ) are components of 
the velocity gradient tensor L , and A1B is the diameter of the Mohr circle. The 
angle of two material lines shown on the Mohr circle is double the angle between the 
two material lines in real space. It is clear that °=+ 902θα . 
)/(]2/)/[()2/()cos( hHhH εεγεεγα  −=−= . / 2Q γ=   is the height of the Mohr circle 
center, and r is the radius. The sectional kinematic dilatancy cos( )kA ξ= .    
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In a flow field described by Eq. (7.1), there are at least two and up to three orientations 
along which material lines have zero angular velocity. These orientations are called the 
flow apophyses (Ramberg, 1975a, b) which are the eigenvectors of L . Besides the flow 
apophyses, there are always three principal strain rates along the orientations of which are 
the instantaneous stretching axes (ISA). For the flows considered here, the Z-axis is 
always parallel to one flow apophysis and one ISA. The remaining flow apophyses (A1 
and A2) and ISA (ISA1 and ISA2) are on the XY-plane (Figure 7.2a).   
For the flow described in Eq. (7.1), the vorticity vector w  (e.g., Means, et al., 1980) is 
0
0
γ
⎛ ⎞⎜ ⎟= ⎜ ⎟⎜ ⎟⎝ ⎠
w

 (7.2) 
The plane perpendicular to the vorticity vector is called the vorticity-normal section 
(VNS; Figure 7.1) which for a monoclinic flow is the geometrical section of maximum 
non-coaxiality. In monoclinic progressive deformations, all material lines initially on the 
VNS remain on the VNS throughout deformation. Therefore, it is simple and possible to 
examine the properties of monoclinic flows on the VNS. Rotation and stretching 
behaviors of material lines on the VNS in the flow described by Eq. (7.1) are shown in 
Figure 7.2a, and their angular velocities and stretch rates can be represented by a Mohr 
circle (Figure 7.2b) (Lister and Williams, 1983; Wallis, 1992; Jiang, 1999). Among these 
material lines two are along the principal strain rate directions: Hε  along ISA1 and hε  (
H hε ε≥  ) along ISA2. The third principal strain rate, Vε  ( V zε ε=  ), is parallel to the 
vorticity vector (Figure 7.1 and Figure 7.2a). For general shearing, material lines on the 
VNS are either shortened or extended except in two orientations: 1E  generally inclining 
at a synthetic angle to the shear plane, and 2E  generally at a high angle to the shear 
plane. A material line oriented closely to A2 either rotates with vorticity away from A2 to 
A1, being shortened first and then extended after rotating through 2E , or rotates against 
vorticity away from A2 to A1, being shortened first and then extended after rotating 
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through 1E  (Figure 7.2), except for the special flow of fig. 2d in Passchier (1990a). The 
special flow of Passchier (1990a), having not been reported for natural shear zones, has a 
significant area increase on the VNS, and is not considered here. In equal-area plane-
straining flows ( 0x yε ε+ =  ), the A1 and A2 on the Mohr circle are symmetrical about the 
ω -axis, and 1E  is perpendicular to 2E . In the event that the flow on the VNS is not area 
constant ( 0x yε ε+ ≠  ), the Mohr circle center is off the ω -axis and the area change can be 
represented by the sectional kinematic dilatancy number (Jiang, 1994, 1999, 2010) 
( ) / ( ) cos( )k H h H hA ε ε ε ε ξ= + − =          (7.3) 
where ξ  is the angle between 1E  and 2E  measured in real space.   
Fabrics in shear zones are a result of accumulated deformation. The accumulated finite 
deformation can be represented by the finite strain ellipsoid. In any monoclinic flow, two 
of the three principal finite strain axes (FSA) are on the VNS, and the third one is along 
the vorticity vector. The magnitude of the two principal finite strains on the VNS are 
denoted SH along FSA1 and Sh along FSA2 (SH ≥  Sh). In a steady-state flow described in 
Eq. (7.1), at any state of deformation, the SH, the Sh, and the orientations of the FSA1 and 
the FSA2 can be calculated. The calculation method has been described in the literature 
(e.g., Passchier, 1987; Jiang, 1998; Spencer, 2004), and is not repeated here.   
7.2.2 Kinematic vorticity number ( kW ) and sectional kinematic 
vorticity number ( skW ) 
In the geological literature there are two kinematic vorticity numbers. One is the 
kinematic vorticity number or simply the vorticity number defined by Truesdell (1953, 
1954, 1991) which for the flow field of Eq. (7.1) is: 
1
2 2 2 22( )
k
H h V
wW
ε ε ε
=
⎡ ⎤+ +⎣ ⎦  
   (7.4a)
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where w  is the magnitude of the vorticity vector.  
In terms of components of L , Eq. (7.4a) can be rewritten as (Jiang and Williams, 1998; 
Lin et al., 1998):  
1
2 2 2 2 22( )
k
x y z
W γ
ε ε ε γ
=
⎡ ⎤+ + +⎣ ⎦

   
.   (7.4b) 
The other number is called the sectional kinematic vorticity number. For the VNS of 
monoclinic flows, it is defined as (Passchier, 1987; Robin and Cruden, 1994; Jiang and 
Williams, 1998; Lin et al., 1998):  
s
k
H h
wW ε ε= −   .  (7.5a) 
It can be expressed using the Mohr circle of Figure 7.2b. In Figure 7.2b the height of the 
center of Mohr circle is / 2Q γ=  , and the circle radius 1 ( )
2 H h
r ε ε= −  . Therefore, 
/ sk
H h
wQ r Wε ε= =−  , and the Eq. (7.4a) can be rewritten as (Bobyarchick, 1986; 
Passchier, 1986): 
cos( )skW α=   (7.6a) 
or )2sin( θ=skW   (7.6b) 
where α  is the acute angle between the two flow apophyses A1 and A2 in real space, and 
θ  is the acute angle between ISA1 and A1 in real space. Expressed in terms of 
components of L , skW  is (Jiang and Williams, 1998; Lin et al., 1998): 
1
2 2 2( )
s
k
x y
W γ
γ ε ε
=
⎡ ⎤+ −⎣ ⎦

  
  (7.5b) 
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Figure 7.3 A three-dimensional plot showing the relationship between s
k kW W− , 
/xε γ  , and /yε γ   in isochoric monoclinic flows.  
This plot clearly shows that no difference exists between kW  and skW  when 
0x yε ε+ =   (equal-area plane-straining flow) and that the difference between kW  
and skW  increases significantly as x yε ε+   deviates from zero.      
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If a progressive deformation is a steady one, the parameters of finite strain can also be 
used to express skW  (Wallis, 1992, 1995; Tikoff and Fossen, 1993): 
1sin(2 )sin{arctan[ ]}1 1cos(2 )
1
s s
k
s s
s
RW R R
R
β
β
+= ×+ −−−
   (7.7) 
where sR  ( /s H hR S S= ) is the aspect ratio of the strain ellipsoid viewed on the VNS, 
and β  is the acute angle between FSA1 and the shear plane.  
The above sectional vorticity number is defined for the material flow on the VNS of 
monoclinic flows. For flows of triclinic symmetries or for a section other than the VNS in 
monoclinic flows, the concept of sectional kinematic vorticity number is discussed in 
Jiang (2010). 
The two vorticity numbers are different except for equal-area plane-straining flows 
(Passchier, 1987, 1997; Robin and Cruden, 1994; Wallis, 1995; Tikoff and Fossen, 1995).  
In all vorticity analyses it is skW  rather than kW  that is relevant (e.g., Passchier, 1987; 
Fossen and Tikoff, 1993;Wallis, 1993; 1995; Simpson and De Paor, 1997). Some authors 
believe that in monoclinic flows the difference between kW  and 
s
kW  is minor (e.g., 
Sullivan, 2008; Johnson et al., 2009; Xypolias, 2009). This is not true. Figure 7.3 shows 
the difference between kW  and 
s
kW  in isochoric monoclinic flows described in Eq. (7.1). 
The difference between kW  and 
s
kW  increases as the flow on the VNS deviates from 
equal-area flows.  
7.3 Vorticity analysis methods 
Various methods, mainly based on Eqs. (7.6a, 7.6b and 7.7), have been proposed to 
estimate skW . I review below three commonly used ones in this chapter. 
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7.3.1 Dynamically recrystallized quartz grains 
This method uses Eq. (7.6b) to estimate skW . Lattice preferred orientation (LPO) of 
dynamically recrystallized quartz grains are used to determine the orientation of local 
shear plane. The long axes of these quartz grains are used to determine the orientation of 
the local ISA1. The c-axes of dynamically recrystallized quartz grains in a thin section 
from a shear zone is a single girdle or cross girdle on an equal-area projection (Figure 
7.4). It has been demonstrated by numerical modeling, laboratory experiments, and 
observations in nature samples that the central segment of the single girdle is 
perpendicular to the shear plane (Lister and Hobbs, 1980; Platt and behrmann, 1986; 
Vissers, 1989; Wenk et al., 1989; Law et al., 1990; Figure 7.4). As shown in Figure 7.4, 
the shear plane orientation determined from the quartz c-axis pattern is at an angle ζ  to 
the foliation. The dynamically recrystallized quartz aggregates align with long axes 
inclining at an angle ϕ to the foliation. Assuming that oblique grains of recrystallized 
quartz align along the ISA1, the ISA1 orientation ( )θ ζ φ= +  can be determined, and skW
can be estimated by Eq. (7.6b) (Figure 7.4).   
7.3.2 Quartz porphyroclasts and S-foliations 
This method is based on Eq. (7.7). sR , the ratio of the SH over Sh, is estimated using a 
population of deformed quartz porphyroclasts with the assumption that no competency 
contrasts exist between quartz porphyroclasts and the surrounding matrix and that the 
quartz porphyroclasts are initially randomly oriented (Ramsay, 1967; Dunnet, 1969; 
Robin, 1977; Yu and Zheng, 1984; Lisle, 1986; Yamaji, 2008). The method of sR  
estimate is not straightforward, and cannot be described clearly in several sentences. 
Interested readers are referred to Appendix C. The FSA1 orientation β  is measured as the 
acute angle between S-foliation and the shear plane, assuming that the S-foliation 
orientation represents the FSA1 orientation. The reliability of the estimated vorticity 
numbers depends on how accurate sR  and β  can be estimated.  
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Figure 7.4 An example showing the method of determining skW  from LPO and SPO 
of dynamically recrystallized quartz grains. 
(a) In an equal-area lower-hemisphere projection of quartz c-axes, the shear plane is 
taken to be perpendicular to the central girdle segment of quartz c-axes. The plane 
makes an angle ζ  to the S-foliation. (b) On a thin section, the ISA1 orientationϕ  
(with respect to the foliation) is determined using the SPO of dynamically-
recrystallized quartz grains. The values of ζ  and ϕ  are used to calculate the 
vorticity number using Eq. (7.6b).   
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Figure 7.5 Deformation history of dikes viewed on the VNS.  
(a) Dikes oriented in sectors I and IV are instantaneously extended while in sectors 
II and III are shortened. In the course of deformation, dikes originally oriented in 
sectors II are rotated into sector I and then are extended. Similarly, dikes originally 
oriented in sectors III are rotated into sector IV and then are extended. Therefore, 
in sectors II and III only shortened or folded dikes can be found, and in sectors I 
and IV both boudinaged dikes and boudinaged folds of dike can be found. Sector I 
is bounded by the shear plane and 1E , and the angle between shear plane and the 1E
is denoted by η  here. (b) If the flow in the shear zone is equal-area plane-straining, 
the 1E  is perpendicular to the 2E , and η  is half of α . 
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7.3.3 Deformed dikes or veins 
This method uses the orientations and morphologies of a population of dikes (or veins) to 
estimate skW . Deformed dikes can be used to constrain the stretch history of lines on the 
VNS. Depending on its initial orientation, the intersection line of a dike with the VNS 
may be progressively extended (e.g., boudinaged) (EE), progressively shortened (e.g., 
folded) (SS), shortened and then extended (e.g., boudinaged folds) (SE), or extended then 
shorted (e.g., folded or shortened boudins) (ES). The dikes with the above histories fall 
into different orientation sectors on the VNS and the pattern of the sectors depends on the 
sectional vorticity. This is the theoretical base of vorticity estimate using deformed dikes.   
Whether a dike is instantaneously extended or shortened depends on its orientation in the 
flow field (Figure 7.5a). Dikes instantaneously lying in sectors I and IV are extended 
while those in areas II and III are shortened (developing folds). Dikes rotate away from 
apophysis A2 toward apophysis A1, and may experience both shortening and extension. 
When a shortened dike from sector II rotates into sector I or from sector III into sector 
IV, it starts to undergo extension forming a boudinaged fold. Therefore, if orientations of 
various deformed dikes are plotted, the orientations of 1E  and 2E  are the boundaries 
between progressively folded dikes and the dikes with other deformation histories 
(boudinaged dikes and boudinaged folds) (Figure 7.5a). For equal-area plane-strain 
deformation, the zero stretching material lines ( 1E  and 2E ) bisect the flow apophyses, 
and η  is half of α  (Figure 7.5). Therefore for equal-area plane-straining shear zones, Eq. 
(7.6a) can be rewritten as: 
cos(2 )skW η=    (7.8) 
The orientations of these dikes can be used to estimate skW  even in non-isochoric 
monoclinic shearing. Of these dikes, boudinaged ones and folded-then-boudinaged ones 
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Figure 7.6  Dike behavior, orientation and polar Mohr circle of the reciprocal finite 
strain (Passchier, 1990a, b).  
(a) Boundaries exist between orientations of shortened-then-extended dikes and 
those of extended-only dikes. 1E  and 2E  are orientations along which the strain rate 
of material lines is zero. 1E′  and 2E ′  are the final orientations of material lines 
initially along 1E  and 2E  respectively at the onset of shearing. Dikes finally oriented 
in subsectors Ia and IVa were shortened and then extended while those in 
subsectors Ib and IVb only undergo extension.   (b) Polar Mohr circle of reciprocal 
finite strain. See text for Mohr circle construction. Distance of the center of Mohr 
circle to the polar axis is denoted by Q, and to the origin is denoted by T. r is the 
radius of the Mohr circle. The sectional kinematic vorticity number skW  is the ratio 
of Q to r.   
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fall in different subdomains of both sectors I and IV. Figure 7.6 is a diagram showing the 
extension and shortening history of dikes in different orientations. Boudinaged dikes in 
subsectors Ib and IVb are separated from boudinaged folds of dikes in subsectors Ia and 
IVa by 1E′ and 2E ′  which are orientations of material lines originally oriented along 1E  
and 2E  respectively at the onset of shearing. The orientations of 1E , 2E , 1E′, and 2E ′  can 
be used to construct a polar Mohr circle to obtain the finite strain ( sR ), the sectional 
kinematic vorticity number skW , and the sectional kinematic dilatancy number kA  
(Means, 1982; Passchier, 1990a, b). Construction of the polar Mohr circle is described in 
Passchier (1990b). First, a circle with an arbitrary radius r , is drawn, and points 1E  and 
2E  are determined on the perimeter to align the 1 2E E−  line vertically with the angle 
1 2ECE∠  being twice of the angle between orientations 1E  and 2E  in real space (Figure 
7.6). Next, points 1E′  and 2E ′  are determined using their relative orientations from 1E  
and 2E . Normals to lines 1 2E E′  and 1 2EE ′  are drawn to intersect at the point o which is 
the origin of polar coordinate system. The polar axis is horizontal. With the polar Mohr 
circle, the finite strain, the sectional kinematic vorticity number, and the kinematic 
dilatancy kA  can be estimated as shown in Figure 7.6b.   
Although theoretically the vorticity analysis method using deformed dikes requires that 
all dikes predate deformation, distinguishing syn-tectonic dikes from pre-tectonic dikes is 
very difficult and in some cases impossible. In practice all deformed dikes, whether 
intruding before or during deformation, have been commonly used to estimate the 
sectional kinematic vorticity, assuming they are pre-kinematic. 
7.4 Problems with each vorticity analysis method 
All these vorticity analysis methods have problems. Here I first point out the problems 
and then use numerical modeling to investigate the uncertainties associated with each 
method arisen from these problems.  
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7.4.1 Problems with method using dynamically recrystallized 
quartz grains 
In this vorticity analysis method the vorticity number is estimated from the ISA1 
orientation (θ ); however, a small error in θ  may lead to a large error in the estimated 
vorticity number.  
The error in the estimated vorticity number due to the error in θ  can be analyzed 
mathematically with the Taylor series expansion:  
432 )())(2cos(
3
4))(2sin(2))(2cos(2)( θθθθθθθ Δ+Δ−Δ−Δ=Δ OW sk        
where )( skWΔ is the error in the estimated vorticity number, and θΔ  is the error in the 
estimated ISA1 orientation. Because sin(2 )skW θ= , we can rewrite )( skWΔ  in terms of 
s
kW  and θΔ ignoring the fourth-order term: 
3222 )()(1
3
4)(2)()(12)( θθθ Δ−−Δ−Δ−≈Δ sksksksk WWWW            (7.9) 
Figure 7.7 presents the relationship between )( skWΔ  and θΔ  illustrated in Eq. (7.9). It 
shows that the magnitude of )( skWΔ  increases as the magnitude of θΔ  increases. A 
small error in θ  may lead to a large error in the estimated vorticity number. For example, 
if the error in θ  estimate is / 5+ − °  in a flow with skW  being 0.6, the error in the 
estimated vorticity number will be 0.13/-0.15. That a small error in estimated θ  may 
cause a large error in the estimated vorticity number is especially true in flows with small 
vorticity numbers, which is clearly shown in Figure 7.7.  
In this vorticity analysis the error in estimated θ  (ISA1 orientation) can be large and 
cannot be removed by any “better” measurement. The uncertainty in the measured ISA1  
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Figure 7.7 The error ( )( skWΔ ) in estimated vorticity number arisen from errors 
( θΔ ) in estimated ISA1 orientation in flows with various sectional kinematic 
vorticity numbers.  
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orientation arises from the way we measure it using oblique grains of dynamically 
recrystallized quartz. Each oblique quartz grain approximates an ellipsoid, and therefore 
has one long axis. This axis can incline at any angle to the shear plane. Wallis (1995), 
Xypolias and Koukouvelas (2001) and Xypolias (2010) suggest that the largest angle 
represents the ISA1 orientation. This implicitly assumes that dynamically recrystallized 
quartz grains are passively deformed and are initially perfectly spherical. Whether quartz 
grains are passively deformed is hard to justify. Dynamically recrystallized quartz grains 
with initially perfect spherical shape are very rare. Quartz grains may initially be slightly 
elongated with long axes inclining at any angle to the shear plane. A population of quartz 
grains generally defines a shape preferred orientation (SPO). Some people may suggest 
that the SPO can represent the ISA1 orientation. The argument is that each dynamically 
recrystallized quartz grain records a small finite strain and the SPO is approximately 
along the ISA1. This argument is valid if all quartz grains are initially perfectly spherical. 
Estimating the ISA1 orientation by measuring either the long axis orientation of a single 
quartz grain or the SPO of a population of quartz grains introduces uncertainties.  
The uncertainties arising from the assumption of perfect spherical shapes can be 
investigated by numerical modeling using the programming code provided in the 
appendix of Jiang (2007). This programming code enables us to analysis the shapes and 
orientations of a population of deformable clasts at any finite strain, given that we know 
the velocity gradient tensor of the flow, the initial shape and orientation of each clast, 
viscosity contrast between the matrix and clasts, and the finite strain of the flow. Each 
dynamically recrystallized quartz grain is treated as a deformable clast in the numerical 
modeling, and their deformation can be investigated. The viscosity ratio between the 
quartz and the matrix is set to 1, so that all quartz grains are passively deformed. Here I 
show one numerical modeling example to demonstrate that a small deviation from 
spherical shapes can cause large uncertainties in the estimated vorticity number.  
In the example, 300 quartz grains are deformed in the flow with skW  being 0.8. Plane-
straining flow is adopted here because this flow is tacitly assumed in most vorticity  
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Figure 7.8 Distribution of the quartz long axis orientations after bulk finite strain 
sR  =2 in a plain-straining flow with 
s
kW  of 0.8.  
The SPO defined by the long axes of quartz grains incline to the shear zone 
antithetically at an angle in the range of °− 2017 . The quartz long axis orientations 
are in the range of °− 1.210 .    
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analysis. The initial aspect ratios of quartz grains viewed on the VNS are uniformly 
distributed between 1 and 1.1. This guarantees that the quartz grains only deviate slightly 
from a perfect sphere. The finite strain ( sR ) that the quartz grains record is set to 2. If we 
decrease the finite strain, the quartz grains at the deformed state would not define a good 
SPO. If we increase the finite strain, the uncertainty in estimated θ  is increased, and the 
uncertainties in the estimated vorticity number will increase accordingly.  
The modeling result is presented in Figure 7.8. It suggests that neither the largest angle 
measured as the long axis orientation of a single recrystallized quartz grain nor the SPO 
of a population of recrystallized quartz grains can represent the ISA1 orientation 
accurately. At the deformed state, the orientation of quartz grain with the largest angle 
inclining to the shear plane is 21.1°  which differs from the ISA1 orientation (θ= °6.26 ). 
This quartz grain orientation is inherited from its initial orientation. If this quartz grain is 
used to estimate vorticity number by Eq. (7.6b), the estimated vorticity number would be 
0.67 while the actual skW  is 0.8. The SPO defined by all quartz grains inclines at °18  to 
the shear plane. If the SPO is regarded as the ISA1 orientation, the estimated vorticity 
number would be 0.59 as opposed to the actual skW  of 0.8.  
The above example shows that large uncertainties in the estimated vorticity numbers can 
arise from very small deviations from sphere in quartz grains’ shape. If the deviation is 
increased, the uncertainties in the estimated vorticity number will increase accordingly. 
The above example is for the flow with skW  being 0.8. For flows with other vorticity 
numbers, numerical modeling suggests that the conclusion of the large uncertainty in 
estimated vorticity number still holds.  
7.4.2 Problems with the method using quartz porphyroclasts and 
S-foliations 
In the vorticity analysis using quartz porphyroclasts and S-foliations, both estimations of 
finite strain sR  and the FSA1 orientation β  are associated with systematic errors. These 
errors arise from the problematic assumptions in the methods of the sR  and the β   
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Figure 7.9 Plot showing sR  and β  for different skW  (Modified from Grasemann et 
al. 1999).   
For each flow, the 'sR s  and the 'sβ  are plotted in a curve. For flows with vorticity 
numbers being less than 0.8, the curves are spaced closely. This indicates that a 
small deviation from sR  and β  may lead to large change in vorticity number.  
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estimates, and cannot be avoided or improved. They are the uncertainties in the estimated 
sR  and the β  due to the methods themselves. Figure 7.9 suggests that a small error in the 
estimated sR  or β  can cause large errors in the estimated vorticity numbers, especially 
for flows with small vorticity numbers. 
As mentioned earlier, the sR  estimate requires that quartz porphyroclasts are initially 
randomly oriented and are passively deformed (Ramsay, 1967; Dunnet, 1969; Robin, 
1977; Yu and Zheng, 1984; Lisle 1985; Yamaji, 2008). Using the sR  estimate method 
tacitly implies that initially randomly orientation and passive deformation for quartz 
porphyroclasts are assumed. Whether quartz porphyroclasts are initially randomly 
oriented depends on the evolution of the quartz grains. Deformations in metamorphic 
rocks, magmatic flows in igneous rocks, and even compaction and diagenesis in 
sedimentary rocks can lead to SPO in quartz grains (e.g., Vernon et al., 1988; Cruden, 
1990; Schutjens, 1991; Stallard et al., 2005). Quartz porphyroclasts can be derived from 
all the three types of rocks and may have inherited SPO in shear zones. In addition to the 
SPO, quartz porphyroclasts are not necessarily passively deformed. For non-passively 
deformed quartz, the material plane of a quartz porphyroclast instantaneously on the VNS 
will generally move out of the VNS as deformation advances even if the flow field is a 
plane-straining one. In this case, the quartz deformation becomes a three-dimensional 
problem, and it makes no sense to estimate sR  on the VNS from the SPO of the three-
dimensional deformed quartz alone.  
Here again I use the programming code in Jiang (2007) to investigate the uncertainties 
arisen from the effect of quartz initial SPO and non-passive deformation. 300 quartz 
porphyroclasts were analysed. Each porphyroclast is ellipsoidal, and has three 
symmetrical axes, denoted as 1a , 2a , and 3a  ( 321 aaa ≥≥ ).The shapes of these 
porphyroclasts were generated to have a uniform distribution of 31 /aa  between 1 and 6, 
and a random distribution for the 32 / aa  between 1 and its 31 /aa . In the modeling, 5.16 
is chosen as the value of sR , and 0.8 as the 
s
kW  in the flow, because, in the literature, 
estimated sR  from natural shear zones are generally reported in the range of 2-10 (e.g., 
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Xypolias and Koukouvelas, 2001; Bailey and Eyster, 2003; Law et al., 2004) and 
estimated vorticity numbers in the range of 0.5-0.85 (e.g., Wallis et al., 1993; Xypolias 
and Koukouvelas, 2001; Law et al., 2004; Jessup et al., 2006; Sarkarinejad and Azizi, 
2008; Frassi et al., 2009; Langille et al., 2010). If we choose flows with smaller value for 
the skW  in the modeling, according to Figure 7.9, the uncertainties in the estimated 
vorticity number would be larger.  
For the initial orientation effect, I present one example here to show the large 
uncertainties. In this example, the intermediate axes of all objects are parallel to the 
vorticity vector, and the long axis orientations define a normal distribution with mean of 
D0  and standard deviation of D45 . Normal distribution is chosen here because it is very 
common in nature. The standard deviation is set to D45  because it enables orientation 
distribution to define a weak SPO. If we increase it, the SPO will become too weak. If we 
decrease it, the SPO will be enhanced. Enhanced SPO will cause larger uncertainties in 
the estimated finite strain. All porphyrocalsts are passively deformed in this experiment. 
The experiment result is presented in Figure C-1 in Appendix C. It shows that the sR  
estimate method yields a finite strain of 6.3 as opposed to the true sR  of 5.16.  
For the effect of non-passive deformation, I present results from two numerical 
experiments. In the two experiments the porphyroclast-to-matrix viscosity ratio is set to 
0.5 and 2 respectively. These viscosity contrasts are very small. If we increase the 
viscosity contrasts, the uncertainties in the estimated finite strain would be increased. The 
experiment results are presented in Figure C-2 in Appendix C. They show that the sR  
estimate method yields a finite strain of 7.01 for the viscosity ratios of 0.5, and 3.73 for 
the ratio of 2.  
Another contribution to the uncertainty of the estimated vorticity number comes from 
estimating the FSA1 orientation β . In the estimate it is assumed that S-foliation represent 
the FSA1 orientation. This assumption is widely adopted in theoretical numerical 
modeling of evolution of S-foliation (Sanderson and Marchini, 1984; Fossen and Tikoff, 
1993; Robin and Cruden, 1994; Lin et al., 1998). However, in natural shear zones 
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rotation of S-foliations with strain are hampered (e.g., by grain size reduction through 
dynamic recrystallization in minerals) and S-foliations generally lie between the 
maximum principal plane of the instantaneous and that of the finite strain ellipsoid 
(Means, 1981; Lister and Snoke, 1984; Ree, 1991; Lin et al., 2007).  
In the flow ( skW =0.8) used in the modeling examples, the theoretical FSA1 orientation β  
is °2.10 , and the ISA1 orientation is °6.26 . The orientation of S-foliation at the finite 
strain of the flow is somewhere between °2.10  and °6.26 . In the modeling of passively 
deformed quartz with weak initial SPO, the calculated finite strain and S-foliation 
orientation would yield a kinematic vorticity number in the range of 0.855-0.988. In the 
modeling of non-passively deformed quartz without initial SPO, the calculated finite 
strain and S-foliation orientation would yield a kinematic vorticity number in the range of 
0.881-0.983 for the viscosity ratio of 0.5, and 0.695-1 for the viscosity ratio of 2. The 
uncertainty in the estimated vorticity number can be as large as 0.2. This uncertainty is 
high enough for one to interpret a pure-shearing dominated shear zone as simple-shearing 
dominated one or vice versa. If the skW  of the flow is less than 0.8, the uncertainties 
would be even larger. Therefore the uncertainty is too large for the vorticity analysis 
method using quartz porphyroclasts and S-foliations to be useful.  
7.4.3 Problems with method using deformed dikes or veins 
The vorticity analysis method using dikes (or veins) is based on two assumptions. The 
first one is that dikes are stretched and rotated as passive material lines. The other 
assumption is implicit and is that dikes and veins are instantly folded when they are 
shortened and instantly boudinaged when extended. The first assumption may be 
reasonable. Natural dikes, viewed on the VNS, generally have high aspect ratios (>10). 
Numerical modeling shows that extension and shortening history diagram for non-
passively deformed dikes with high aspect ratios (>10) is the same as the Figure 7.6a for 
passively deformed dikes in the event that the vorticity vector lies on the planes of all 
dikes. The second assumption is certainly incorrect. Laboratory and numerical 
experiments demonstrate that dikes are not folded before they are shortened by 10% 
(Watkinson, 1975; Gairola and Kern, 1984; Hobbs et al., 2008).  
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Assuming that dikes are passively deformed and can be recognized only after a minimum 
of 10% extension or shortening, I used numerical modeling to investigate the uncertainty 
arising from the erroneous assumption pointed out above. In the modeling, the vorticity 
vector lies on the planes of all dikes. The flow is equal-area plane-straining, and the skW
=0.8. Dike morphologies and orientations were analysed at finite strain of 10, 20, and 50 
respectively. The detailed numerical modeling approach is described in Appendix D.   
The numerical modeling results are presented in Figure 7.10 and Figure 7.11, and show 
that the estimated orientations of iE  and 
'
iE  ( 2,1=i ) from deformed dike orientations are 
different from the theoretical orientations of iE  and 
'
iE . Figure 7.10a and b shows their 
differences in a constant-area plane-straining flow with skW  being 0.8 at a bulk finite 
strain of 20. From these deformed dikes, the estimated orientation of 1E  would be 13°  
while its theoretical orientation is 18.5° , and of 2E  would be 125°  while its theoretical 
orientation is 108.5° . The estimated orientation of 1E ′  would be °4.6  while its theoretical 
orientation is °7.3 , and of 2E ′  would be 174.4°  while its theoretical orientation is 
175.3 .°  With the polar Mohr circle for vorticity analysis being used, these deformed 
dikes would yield a vorticity number of 0.75 as opposed to the actual skW  of 0.8 (Figure 
7.10c). Figure 7.11 shows the estimated 1E , 2E , 1E ′ , and 2E ′  from dike orientations and 
morphologies in the same flow at finite strain 10 and 50. The estimated vorticity number 
at finite strain 10 is 0.83, and at finite strain 50 is 0.71.     
The above examples show that the estimated sectional kinematic vorticity number in the 
vorticity analysis method using deformed dikes has the uncertainty of 0.03-0.09. If dikes 
in nature take more strain than that in the above example before they are folded or 
boudinaged, the uncertainty is larger than those in the example.   
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Figure 7.10 Problems with method using deformed dikes 
(a) and (b): orientations of iE  and 'iE  ( 2,1=i ) in an equal-area plane-straining flow 
with skW  being 0.8 at a bulk finite strain of 20. (a) shows 1E  and 2E  orientations in 
theory, and the orientations in (b) are estimated from passively deformed dikes 
assuming that dikes are folded after 10% shortening and boudinaged after 10% 
extension. (c) is an example of polar Mohr circle construction for the vorticity and 
strain analysis from deformed dike orientations in (b). 
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Figure 7.11  Numerical modeling result showing dike morphologies and orientations. 
The flow is an equal-area plane-straining flow with skW  being 0.8. (a) shows dike 
morphologies, orientations at a bulk finite strain of 10, and calculated strain and 
vorticity number using a polar Mohr circle. (b) shows dike morphologies, 
orientations at a bulk finite strain of 50, and calculated strain and vorticity number.  
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7.5 Conclusions 
The commonly used vorticity analysis methods using rock fabrics have erroneous 
assumptions. As a consequence, these methods have large uncertainties. The uncertainties 
are generally high enough for one to interpret a pure-shearing dominated shear zone as 
simple-shearing dominated one or vice versa.   
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Chapter 8
A critique of vorticity analysis using rigid clasts1
8.1 Introduction 
Ductile shear zones are common features in Earth's crust and mantle (e.g., Ramsay and 
Graham, 1970; Tchalenko, 1970; Mitra, 1978; Ramsay, 1980; Pili et al., 1997; Savage, 
1999 and references therein; Regenauer-Lieb and Yuen, 2003; Vauchez and Tommasi, 
2003; Williams and Jiang, 2005). Understanding the kinematics of such zones is 
important for elucidating the tectonic evolution of an area on a regional or larger scale. 
Many people have attempted to estimate the (kinematic) vorticity number of ductile shear 
zones from fabrics, although as pointed out by Tikoff and Fossen (1995), the vorticity 
number alone cannot completely characterize the kinematics of a shear zone unless it is 
an isochoric plane-straining 2  zone. To completely characterize the kinematics of a 
general monoclinic shear zone requires three independent parameters (Passchier, 1997, 
1998). To completely characterize the kinematics of a triclinic shear zone requires four 
independent parameters (Jiang and Williams, 1998).  
Many fabric types have been used for vorticity analysis, including deformed dykes or 
veins (e.g., Passchier and Urai, 1988; Wallis, 1992; Short and Johnson, 2006; Kuiper and 
Jiang, 2010), quartz and calcite lattice preferred orientations (LPO) (e.g., Wenk et al., 
1987; Vissers, 1989; Ratschbacher et al., 1991; Wallis, 1992, 1995), tension gashes (e.g., 
Fossen and Tikoff, 1993; Grasemann et al., 1999), and rigid clasts (e.g., Passchier, 1987; 
Wallis et al., 1993; Simpson and De Paor, 1997). Among these, rigid clasts in mylonites 
are most commonly used (e.g., Klepeis et al., 1999; Xypolias and Koukouvelas, 2001; 
                                                 
1 A version of this chapter has been published in Journal of Structural Geology 33 (3), 203-219 (2011).  
2 In this chapter, to differentiate flow fields from finite deformation states, terms like simple shearing, pure 
shearing, and plane straining, following Means (1990), as opposed to simple shear, pure shear, and plane 
strain, are used. Some authors have used terms like progressive simple shear (or simple shear progressive 
deformation), progressive pure shear (or pure shear progressive deformation) for the same purpose (e.g., 
Hobbs et al., 1976; Passchier, 1990; Jiang, 2010). 
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Bailey and Eyster, 2003; Law et al., 2004; Jessup et al., 2006; Marques et al., 2007; 
Wang et al., 2007; Kurz and Northrup, 2008; Sarkarinejad and Azizi, 2008; Sarkarinejad 
et al., 2009; Zhang et al., 2009; Langille et al., 2010; Thigpen et al., 2010). With the 
assumption (mostly implicit) that the deformation is plane straining, the estimated 
vorticity numbers have been extrapolated to infer large scale tectonic boundary 
conditions of some major shear zones in mountain belts (e.g., Wallis et al., 1993; Wallis, 
1995; Grasemann et al., 1999; Xypolias and Koukouvelas, 2001; Law et al., 2004; Frassi 
et al., 2009). For instance, Grasemann et al. (1999) used their estimated vorticity numbers 
(0.57-0.71) from tension gashes and quartz LPO in the Main Central Thrust Zone to 
suggest an extrusion model after Grujic et al. (1996) for the exhumation of the crustal 
wedge bounded by the South Tibetan detachment zone and the Main Central Thrust Zone 
in NW Himalaya. Law et al. (2004) further supported this conclusion with their own 
estimated vorticity numbers (0.67-0.98) mainly from rigid clasts at the top of the crustal 
wedge. Xypolias and Koukouvelas (2001) carried out vorticity analysis using rigid clasts 
and quartz LPO throughout the Chelmos Shear Zone in Greece and used the results to 
support an extrusion model for the zone (Xypolias and Doutsos, 2000). In all these 
extrapolations, plane-straining deformation was assumed implicitly.  
Many authors have pointed out that the vorticity analysis is based on some strict 
assumptions that are hard to justify for natural deformation. First, most fabrics result 
from accumulated deformation. In order for vorticity analysis to make sense, one must 
assume that the vorticity number has been constant during the development of the fabric. 
This essentially requires that the flow be steady state, which is hard to justify because 
deformation in natural shear zones is generally heterogeneous which is generally non-
steady (Jiang, 1994; Jiang and White, 1995; Jiang and Williams, 1999). Regional to 
crustal scale shear zones commonly have a transposition foliation parallel to the shear 
zone boundaries (e.g., Williams and Jiang, 2005). It can be demonstrated that the 
transposition process is associated with highly non-steady flow in rheologically different 
lithological domains (e.g., Jiang, 1999, 2010). There is some belief that the vorticity 
number obtained from rocks might represent some "mean" or "average" vorticity number 
in the event that the flow has been non-steady. However, there is no theoretical or 
experimental basis for this belief. Second, the most widely used vorticity analysis 
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methods are based on rigid clasts and assume that they behave according to Jeffery's 
theory (Jeffery, 1922) for rigid inclusion motion in Newtonian viscous flows. However, 
rocks are likely non-Newtonian (Carter, 1975, 1976; Tullis, 1979; Kirby, 1983; Gleason 
and Tullis, 1995). Furthermore, many recent works have shown that clasts in rocks may 
not behave according to Jeffery's theory because of interface slip between clasts and the 
surrounding material (Ildefonse and Mancktelow, 1993; Bjørnerud and Zhang, 1995; 
Marques and Cobbold, 1995; Pennacchioni et al., 2000; Mancktelow et al., 2002; Ceriani 
et al., 2003; Schmid and Podladchikov, 2004; Mandal et al., 2005; Schmid and 
Podladchikov, 2005; Mulchrone, 2007; Johnson et al., 2009), large clast size compared to 
the width of the shear zone (Marques and Coelho, 2001), and interaction among clasts 
(Ildefonse et al., 1992a, b; Marques and Bose, 2004; Mandal et al., 2005). Third, 
extrapolating the kinematics of a small scale to that of a regional scale essentially 
assumes that deformation kinematics is uniform across scales many orders of magnitude 
different, ignoring the heterogeneous nature of rock deformation and deformation 
partitioning (e.g., Lister and Williams, 1983). 
In addition to the strict assumptions mentioned above, to apply the vorticity analysis to 
natural shear zone also requires that all clasts be spheroidal or oriented in certain 
directions initially. However, these clasts are rare in nature. In this chapter, using the 
algorithm of Jiang (2007) for modeling the rotation of rigid clasts in Newtonian viscous 
flows, we investigate fabrics defined by a population of arbitrarily shaped and initially 
ramdonly oriented clasts to critically examine those vorticity analysis methods using rigid 
clasts. We consider isochoric plane-straining flows and Sanderson-and-Marchini type 
transpressional (S&M) flows (Sanderson and Marchini, 1984) in this chapter, because 
these two types of flow are mostly studied in the literature and the results from the study 
of them are sufficient to make our points. We show that even if the assumptions for 
vorticity analysis, as discussed above, are all accepted, and the bulk flow is simply 
monoclinic, the uncertainties associated with these methods are intrinsically too large for 
the results to be useful. The large uncertainties are due to the three dimensional (3D) 
nature of clast motion and cannot be eliminated. Reported vorticity numbers from these 
methods are normally in the range of 0.5-0.85 which have been used to argue that the 
hosting zones deviate significantly from simple shearing zones (e.g., Wallis et al., 1993; 
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Xypolias and Koukouvelas, 2001; Law et al., 2004; Jessup et al., 2006; Sarkarinejad and 
Azizi, 2008; Frassi et al., 2009; Langille et al., 2010). Our numerical modeling shows that 
the reported range could all be from zones with close-to-simple-shearing flows. 
8.2 Vorticity numbers 
Ductile shear zones occur as highly deformed rocks bounded by far-less deformed or 
relatively undeformed wall rocks. The flow in such tabular zones is routinely and most 
conveniently described in a reference frame that is fixed to the zone-bounding country 
rocks. In this chapter, we refer to a vertical, north-south trending shear zone and use a 
Cartesian coordinate system such that the X- and Y-axis are horizontal and pointing 
respectively to the north and east. The Z-axis is vertical and points down (Figure 8.1a).  
In our reference frame and coordinate system, the flows used in our modeling can be 
described by velocity gradient tensors of the forms: 
0
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ε γ
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
 (for S&M flows) (8.1b) 
where γ  ( 0γ > ) is the shear strain rate for the simple shearing component and yε  is the 
strain rate parallel to the Y-axis (Figure 8.1a). The two types of flow can be in thinning 
zones ( 0yε < ) or thickening zones ( 0yε > ). We use thinning zones (Jiang and Williams, 
1998) as examples to present our study in this section and the sections that follow, 
because they are common in nature. It should be noted that our conclusions drawn from 
modeling also hold for thickening zones. The eigenvectors of L , named flow apophyses 
(Ramberg, 1975a, b), are the orientations along which material lines have zero angular 
velocities. For the two types of flow (Eqs. (8.1a) and (8.1b)), there are three eigenvectors, 
two of which are on the XY-plane, and the third one is along the Z-axis (Figure 8.1b). 
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Figure 8.1  (a) Reference frame, coordinate system and flow in a shear zone.  
The coordinate X-, Y-, and Z-axis point respectively to north, east, and down. The 
simple shearing component (γ ) is parallel to the X-axis. The vorticity vector w is 
parallel to Z-axis. The strain rates along X-, Y-, and Z-axis are xε , yε , and zε  
respectively. The vorticity-normal section (VNS) is on the XY plane. SZB: shear 
zone boundary. For isochoric plane-straining flows, x yε ε= −   and 0zε = . For 
Sanderson-and-Marchini type transpressional (S&M) flows, z yε ε= −   and 0xε = . (b). 
Sectional flow on the VNS of a thinning zone ( 0yε < ). Two flow apophyses are 
denoted by 1A , parallel to the shear direction, and 2A  inclined synthetically to the 
shear zone boundary at an acute angle α . Clasts viewed on the VNS are 2D ellipses 
whose major axis is xyM  and minor axis is xym . The aspect ratio of the ellipse is R  (
R = /xy xyM m ). In the special case where two symmetry axes of a 3D clasts are xyM  
and xym , these two symmetry axes rotate on the VNS and R  is constant. If the clast 
has R > critR , two orientations (stable orientation 1B : 1φ  and unstable orientation 2B :
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2φ ) exist for the clast. When the clast's xyM  axis is parallel to either, the clast has 
zero angular velocity. The clast's xyM  axis rotates away from 2B  towards 1B . 
The vorticity vector for the above two types of flow is  
0
0
γ
⎛ ⎞⎜ ⎟= ⎜ ⎟⎜ ⎟⎝ ⎠
w

  (8.2) 
Because only steady flows (L is constant with time) are considered in this chapter, the 
vorticity is entirely internal vorticity (Means et al., 1980; Lister and Williams, 1983; 
Tikoff and Fossen, 1995; Wallis, 1995; Jiang, 1999, 2010).  
The plane normal to the vorticity vector w  is called the vorticity-normal section (VNS, 
Jiang and Williams, 1998; Lin et al., 1998). It is a common practice to regard the section 
that shows the best fabric asymmetry in natural shear zones as the flow VNS. This 
practice can be justified if the flow is monoclinic (Passchier, 1998). Thus if a tectonite is 
from a more or less plane-straining shear zone, the section parallel to lineation and 
perpendicular to foliation is close to the flow VNS. For S&M flows, the VNS is either 
parallel to the lineation and perpendicular to the foliation or normal to the lineation.  
There are two different kinematic vorticity numbers used in the literature. One was 
defined by Truesdell (1953, 1954), called the kinematic vorticity number or simply the 
vorticity number (Truesdell, 1991). For flows defined in Eqs. (8.1a) and (8.1b), the 
vorticity number is (see Jiang and Williams, 1998; Lin et al., 1998):  
2 24
k
y
W γε γ= +

 
  (8.3) 
Another number, often called the sectional (kinematic) vorticity number, was defined by 
Passchier (1987) and Robin and Cruden (1994). For our monoclinic flows, the sectional 
vorticity number skW  on the VNS is (see Robin and Cruden, 1994; Jiang and Williams, 
1998; Lin et al., 1998):  
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The sectional vorticity number is related to the acute angle (α , Figure 8.1b) of the two 
flow apophyses on the VNS by (Bobyarchick, 1986; Passchier, 1986): 
αcos=skW   (8.5) 
In earlier studies of shear zones, only isochoric plane-straining deformations were 
considered (e.g., Ramsay and Graham, 1970; Ramberg, 1975b; Ramsay, 1980; Passchier, 
1987; Simpson and De Paor, 1993) and it was sufficient to use the vorticity number of 
Truesdell (Eq. (8.3)) to completely characterize the kinematics of the flow. However, 
when 3D flows are investigated, a single Truesdell's vorticity number corresponds to an 
infinite number of possible flows (Tikoff and Fossen, 1995). It becomes necessary to 
distinguish flow kinematics viewed on the VNS from that of the 3D flow, and the 
sectional vorticity number skW  on the VNS was proposed to serve this purpose.   
 
Figure 8.2  Relationship between kW  and skW  in S&M flows. 
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kW  differs from kW  except for isochoric plane-straining flows (Passchier, 1987, 1997; 
Robin and Cruden, 1994; Wallis, 1995; Eqs. (8.3) and (8.4a)). Figure 8.2 shows their 
difference in S&M flows. It has been shown theoretically (e.g., Passchier, 1987; 
Appendix in Jiang, 2007) and is in fact justifiable by numerical modeling (see vorticity 
analysis methods and Figure 8.4 in next section) that it is skW  rather than kW  that is 
relevant to rock fabrics observed on the VNS. Therefore it should be pointed out that 
what is obtained from vorticity analysis is skW  instead of kW .  
8.3 Vorticity analysis using rigid clasts  
The motion of a rigid ellipsoidal clast in a viscous flow is a 3D problem described by a 
set of equations (Jeffery, 1922). The vorticity analysis methods using rigid clasts, 
however, are based on the application of Jeffery's theory to the following two very 
special cases in monoclinic flows: either all clasts must be spheroidal or, if they are 
triaxially shaped, must have one symmetry axis parallel to the vorticity vector of the 
flow. In the first case, analytical solutions to the Jeffery's equations exist (Ježek et al., 
1996; Supplementary data in Jiang, 2007), and they show that given sufficiently large 
finite strain of the shear zone, the distinct axes of rigid clasts either rotate permanently 
following the so-called Jeffery's orbits or reach stable orientations (Jeffery, 1922; 
Passchier, 1987; Supplementary data in Jiang, 2007). Therefore, if stabilized clasts can be 
identified from rocks, their shapes (often measured by clast aspect ratio R ) and 
orientations can be used to calculate the vorticity number. In the second case, the clast 
rotation is reduced to the two-dimensional (2D) problem of Ghosh and Ramberg (1976) 
which can be examined on the VNS (Passchier, 1987; Simpson and De Paor, 1993). 
Current vorticity analysis methods using rigid clasts are mostly based on the 2D theory of 
Ghosh and Ramberg (1976) which we review briefly below in the context of vorticity 
analysis.   
A clast viewed on a VNS is an ellipse whose major and minor axes are denoted by xyM  
and xym  ( xyM ≥ xym ; Figure 8.1b). The shape of the ellipse is measured by the aspect ratio 
R ( /xy xyR M m= ), and the orientation of the ellipse is measured by the angle φ  between 
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the xyM  axis and the shear plane (Figure 8.1b). In the event that one of the three 
symmetry axes ( 1a , 2a , and 3a , 321 aaa ≥≥ ) of a clast is parallel to the vorticity vector, 
the two remaining ones are on the VNS and are the xyM  and the xym . If the flow is simple 
shearing, the two symmetry axes xyM  and xym  shall rotate permanently with vorticity, and 
if the flow is pure shearing, the two symmetry axes will finally stabilize with xyM  and 
xym  parallel to the two principal strain rate axes of the flow (Gay, 1968). In a general 2D 
monoclinic flow, a critical aspect ratio critR  exists (Ghosh and Ramberg, 1976; Passchier, 
1987):  
)1/()1( sk
s
kcrit WWR −+=  (8.6) 
whereby a clast with R  < critR  rotates permanently with vorticity (forward rotation), and 
a clast with R  > critR  will reach a stable orientation (Ghosh and Ramberg, 1976; 
Passchier, 1987). There are two orientations along which a clast with R  > critR  has zero 
angular velocity: 
2
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The 1φ  orientation is shown in Figure 8.1b as 1B  and the 2φ  orientation is shown as 2B . 
The 1φ  orientation is the stable orientation toward which the xyM  axis rotates. The 2φ  
orientation is an unstable orientation from which the xyM  axis rotates away (Ghosh and 
Ramberg, 1976; Passchier, 1987; Simpson and De Paor, 1993; Masuda et al., 1995). The 
rotation behaviors are best represented in a polar coordinate system of R  against φ  
(Simpson and De Paor, 1993; Figure 8.3). For a given flow ( skW  known), 1φ  and 2φ  are  
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Figure 8.3 2D clast rotation behaviors in a φ−R  plot in a polar coordinate.  
For any given skW , a hyperbola (clast apophyses) can be constructed using Eqs. (8.7) 
and (8.8). The hyperbola approaches the flow apophyses ( 1A  and 2A ) 
asymptotically. Clasts plotted in the white area ( R < critR ) rotate permanently with 
vorticity; clasts plotted in the light grey area rotate forward until they reach their 
stable positions (on the solid branch of the hyperbola) while clasts plotted in the 
dark grey area rotate against vorticity (away from the dashed branch of the 
hyperbola) until they reach their stable positions (on the solid branch of the 
hyperbola). FWR: forward rotation. BWR: backward rotation. 
functions of R  and Eqs. (0.7) and (0.8) define a hyperbola in a polar coordinate plot of 
R  against φ . Clasts from a shear zone plotted on the corresponding hyperbola have zero 
angular velocities. Similar to flow apophyses for material lines, these hyperbolas can be 
called “clast apophyses”. The two asymptotic lines of the “clast apophyses” correspond 
to the two apophyses for material lines. As shown in Figure 8.3, clasts plotted within the 
R = critR  circle rotate permanently, while those plotted outside of the circle ( R > critR ) 
can reach stable orientations. Clasts plotted within the concave side of the hyperbola 
rotate backward (against vorticity), while those plotted outside rotate forward (with 
vorticity). 
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Figure 8.4  Relationship between clast shape fabrics, skW  and kW  , investigated by 
numerical experiments.  
All clasts have their 1a  axes parallel to the vorticity vector throughout deformation 
and their 2a  and 3a  axes are initially randomly oriented on the VNS. The clast 
shapes are shown in Figure 8.5d.  (a) and (b): φ−R  plots of 300 clasts in an S&M 
flow with skW of 0.9 ( kW =0.72) at high finite strain (ratio of the maximum over 
minimum principal stretch 
3
1
s
s = 10104.7 × ). Such an enormously high finite strain is 
adopted here to ensure that clasts with 2 3( / )R a a= > critR  reach their stable 
orientations. Shaded area in (a) indicates the possible range of cutoffR following 
common vorticity analysis practice. The black dash line corresponds to a theoretical 
critR  for a vorticity number of 0.9, and the grey one corresponds to a theoretical 
critR  for a vorticity number of 0.72. Here the shaded area is close to the black dash 
line, suggesting that estimated vorticity number approximates actual skW  with the 
ARC method. The curves in (a) and hyperbolas in (b) are constructed using Eqs. 
(8.7) and (8.8), and the corresponding vorticity numbers are indicated beside. Clasts 
with large R 's are plotted along the curve in (a) and the hyperbola in (b) both for 
the vorticity number of 0.9, suggesting that it is skW  estimated in the SC method. (c) 
Results from a series of numerical experiments for S&M flows. Again, extremely 
high strain (impossible in any natural shear zone) is adopted in our experiments 
here. Solid circles represent cutoffR  for corresponding skW . The kW  corresponding 
with skW  are represented by open circles. The curve is constructed using Eq. (8.6) 
with the assumption that cutoffR = critR .  All solid circles instead of open circles lie on 
the curve, suggesting that it is skW  instead of kW  that is related to clast shape fabrics 
observed on the VNS.       
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In vorticity analysis using rigid clasts, φ−R  data are first plotted in a Cartesian 
coordinate system or a polar coordinate system, and three methods have been used 
(Passchier, 1987; Simpson and De Paor, 1993; Wallis, 1993). In the first method, here 
called the 'aspect ratio cutoff' (ARC) method, a dividing line (for a Cartesian φ−R  
plots) or circle (for a polar φ−R  plots) is determined from such a plot that separates the 
domain with a wide range of φ  values (interpreted as representing permanently-rotating 
clasts) from the domain showing a narrow range of φ  values (taken to represent stable 
clasts). We call the R  value corresponding to this dividing line (or circle) cutoffR . cutoffR  
has been regarded as critR in the calculation of vorticity using Eq. (8.6). We shall 
demonstrate later that this is not appropriate. The second method, here called the 
'stabilized clast' (SC) method, is to identify clasts that are believed to have reached their 
stable orientations and then Eq. (8.7) is used to calculate the vorticity number. The third 
method here called the 'backward rotating clast' (BRC) method is to identify backward 
rotating clasts from forward rotating ones and plot both groups with different symbols in 
a polar coordinate φ−R  diagram. The curve separating the two groups is then fitted to 
theoretical hyperbola in order to estimate the vorticity number.  
With the φ−R  polar coordinate plot being used, the three methods above, especially the 
BRC method, have been referred to as porphyroclast hyperbolic distribution (PHD) 
method (Simpson and De Paor, 1993). The ARC or SC methods used with a Cartesian 
coordinate plot have been referred to as the rigid grain net (RGN) method (Jessup et al., 
2007), or the porphyroclast aspect ratio method (Passchier, 1987; Wallis et al., 1993). 
For the ARC method, the uncertainty in the estimated vorticity number depends on how 
well cutoffR  can represent critR (Figure 8.4a). For the SC method, the uncertainty lies on 
whether stabilized clasts are correctly identified. For the BRC method, the uncertainty 
depends on how well backward rotating clasts are correctly distinguished from forward 
rotating clasts, and how accurate the boundary line can be defined and fitted into a unique 
hyperbola. 
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All methods are based on the 2D theory of Ghosh and Ramberg (1976) which hardly 
applies directly to any rock deformation involving rigid clasts, because the motion of 
natural rigid clasts is intrinsically a 3D problem. Uncertainties associated with 3D nature 
of rigid clast motion are previously unknown. We now analyze the level of uncertainty by 
numerical modeling. 
8.4 Numerical modeling 
Although rigid clast fabrics used for vorticity analysis have to be obtained on 2D sections 
like the VNS, rigid clast motion in 3D flows must be dealt with three dimensionally. 
Since no analytical solutions to Jeffery's equations for general cases exist (Freeman, 
1985; Ježek et al., 1994), we now apply numerical modeling to address the 3D motion of 
rigid clasts in general monoclinic flows described by the velocity gradient tensor of Eqs. 
(8.1a) and (8.1b). We investigate the shape fabric of the rigid clasts that will develop and 
evolve on the VNS as deformation advances and examine the consequences of applying 
this shape fabric for vorticity analysis using each of the three methods reviewed above. 
Our numerical modeling is based on Jiang (2007). The numerical modeling method can 
investigate clast shape fabric evolution in 3D or as observed on any specified section 
such as the VNS so that direct comparison between modeling results and geological 
observations can be made readily. 
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Figure 8.5  Clast initial orientation and shapes.  
(a-c) Lower-hemisphere equal-area projections of the initial orientations of the 
symmetry axes of 300 clasts generated for numerical modeling. (d) Flinn plot for the 
shapes of the clasts. See text for more details. 
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8.4.1 Generation of the initial population of rigid clasts  
We generate a population of 300 clasts with uniform randomly distributed initial 
orientations (Figures. 0.5a-c) like previous studies (e.g., Freeman, 1985; Ježek et al., 
1996) following the procedure of Jiang (2007). For their shapes (symmetry axes: 
321 aaa ≥≥ ), we first generate a random number between 1 and 6 for the ratio ( r ) of 
1 3 / a a  for each clast and then generate a random number between 1 and r  for the ratio 
2 3/a a  of that clast. The shapes for this population of clasts generated are plotted in a 
Flinn diagram in Figure 8.5d.  
8.4.2 Numerical modeling of a population of rigid clasts and its 
implication 
We investigated clast fabrics developed in our two types of flows. For plane-straining 
flows we modeled 3 cases, with skW  (=Wk for plane-straining situations) being 
respectively 1, 0.9, and 0.7. The φ−R  patterns on the VNS ( φ−R  plots) for each case 
at different finite strain states are presented in Figure 8.8, Figure 8.6, and Figure 8.7 
respectively. For S&M flows, we modeled two cases with skW  of 0.9 and 0.7. The 
resulting φ−R  patterns on the VNS at different finite strain states for each case are 
presented in Figure 8.9 and Figure 8.10 respectively. We now test each of the three 
vorticity analysis methods. 
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Figure 8.6 φ−R  plots for a plane-straining flow with skW  of 0.9, at different bulk 
finite strains.  
The curves in the Cartesian plots are constructed using Eq. (8.7), and the 
corresponding skW  values are indicated beside. The hyperbolas in the polar plots are 
constructed using Eqs. (8.7) and (8.8) for the skW  of 0.9. All clasts are forward 
rotating. Shaded areas indicate the possible range of cutoffR following common 
vorticity analysis practice. 
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Figure 8.7  φ−R  plots for a plane-straining flow with skW  of 0.7 at different bulk 
finite strains.  
The curves in Cartesian plots are constructed using Eq. (8.7). The two hyperbolas in 
the polar plots are constructed using Eqs. (8.7) and (8.8). One is for a skW  of 0.7 and 
the other is for a skW  of 0.8. Forward rotating clasts are plotted as open circles, 
while backward rotating clasts are plotted as black solid circles. Shaded areas 
indicate the possible range of cutoffR  following common vorticity analysis practice.   
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Figure 8.8  φ−R  Cartesian plots for a simple shearing flow ( skW =1) at different 
bulk finite strains.  
All clasts are forward rotating. The critR  for this flow is infinite. However, the cutoffR  
is finite at different strains: 2.0~3.7, 2.36~3.7, 3.3~4.36, and 4~5, which would yield 
estimated vorticity numbers 0.6~0.86, 0.7~0.86, 0.83~0.9, and 0.88~0.92 respectively 
using the ARC method. With the SC method, the estimated vorticity numbers are 
0.5~0.8, 0.7~0.9, 0.8~0.9, and >0.9. Note that the clast shape preferred orientation is 
not stable in the simple shearing (intensity decreases from (a) to (d)), and this is also 
observed in Ježek et al. (1994) and Ildefonse et al. (1997).  
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Figure 8.9  φ−R  plots for an S&M flow with skW  of 0.9 at different bulk finite 
strains.  
Symbols are the same as in Figure 8.7.  
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Figure 8.10  φ−R  plots for an S&M flow with skW  of 0.7 at different bulk finite 
strains.  
Symbols are the same as in Figure 8.7. 
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8.4.2.1 The aspect ratio cutoff (ARC) method  
Figure 8.6 shows the φ−R  plots for a plane-straining flow with skW  of 0.9 which gives a 
theoretical critR  of 4.36. The cutoffR  that one would obtain following the common practice 
(e.g., Wallis et al., 1993; Law et al., 2004) from these R -φ  plots would be like 1.6~2.7, 
1.7~2.6, and 1.6~2.5 at bulk finite strains (ratio of the maximum principal stretch over the 
minimum principal stretch 1
3
s
s
) 25, 50, and 100 respectively. They would yield estimated 
vorticity numbers 0.44~0.76, 0.49~0.74, and 0.44~0.72 respectively. Figure 8.9 presents 
the φ−R  plots for an S&M flow with skW  of 0.9 corresponding to a theoretical critR  of 
4.36. The cutoffR  from these R -φ  plots are 1.5~3.2, 1.8~4.2, and 1.6~3.0 at bulk finite 
strains ( 1
3
s
s
) 25, 50, and 100 respectively, which would yield estimated vorticity numbers 
of 0.38~0.82, 0.53~0.89, and 0.44~0.80 as opposed to the actual 9.0=skW  of the shear 
zone. Figure 8.8 presents R - φ  plots for a simple shearing flow, and the estimated 
vorticity numbers are in the range of 0.6~0.92. Figure 8.7 presents R -φ  plots for a 
plane-straining flow and Figure 8.10 for an S&M flow both with a given skW  of 0.7. The 
estimated vorticity numbers from clast shapes on the VNS are in the range of 0.32~0.87.  
8.4.2.2 The stabilized clast (SC) method  
This method highly depends on how well stabilized clasts are correctly identified from 
natural mylonites. In the Cartesian R -φ  plots, it is a common practice to use clasts with 
large R 's to best fit a hyperbola defined by Eq. (8.7) to estimate the skW . Figures 0.6 b, c, 
and d show that in a plane-straining flow ( 0.9skW = ) the method would yield estimated 
vorticity numbers of 0.5~0.9, 0.5~0.8, and 0.7~0.9 respectively at different finite strains. 
Figures 0.9 b, c, and d show that in an S&M flow ( 9.0=skW ) the estimated vorticity 
numbers are 0.5~0.9, 0.5~0.8, and 0.5~0.9 respectively at different finite strains. In these 
examples the skW  is underestimated, and the uncertainty can be as large as 0.4 as shown 
in Figures 0.6b and 0.9b. Figure 8.8 presents R -φ  plots for a simple shearing flow, and 
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the estimated vorticity numbers are in the range of 0.5~1.0. High uncertainty in estimated 
vorticity number is also shown in numerical modeling of the plane-straining flow (
0.7skW = , Figures 0.7b-d) and the S&M flow ( 7.0=skW , Figures 0.10b-d), from both of 
which the estimated vorticity numbers are in the range of 0.5~0.9.  
8.4.2.3 The backward rotating clast (BRC) method 
This method requires that backward rotating clasts can be identified. Clast rotation in 3D 
space is much more complicated than the 2D theory of Ghosh and Ramberg. The angular 
velocity vector ω, describing the instantaneous rotation for an individual clast, can have 
any angle between 0°  and 180°  with respect to the vorticity vector w . A clast as a whole 
is momentarily rotating forward if the angle between ω and w  is acute and backward if 
it is obtuse. Figures 0.7a and 0.10a show that, unlike 2D situations where forward and 
backward rotating clasts are separated by the hyperbolic clast apophyses, in 3D cases on 
the VNS forward and backward rotating clasts can be mixed together and that no distinct 
boundary exists between the two groups. If we ignore the forward rotating clasts and 
draw a hyperbola to closely enclose all the backward rotating clasts, this hyperbola would 
correspond to a vorticity number less than 0.7 (actual skW  of the flows). Figures 0.7c and 
d indicate that the estimated vorticity numbers is 0.8, which is higher than the actual skW  
(=0.7). Figures 0.6a-d and 0.9a show no backward rotating clasts, which would imply an 
estimated vorticity number of 1, while the actual skW  is 0.9.  
Our numerical modeling above suggests that large uncertainties exist in estimating 
vorticity numbers using rigid clasts. Considering this level of uncertainty, reported 
vorticity numbers in the literature in the range of 0.5~0.85 using the ARC and SC 
methods may come from flow fields that are all close to simple shearing. 
φ−R  patterns from many natural shear zones have been presented in the literature (e.g., 
fig. 13 in Wallis et al., 1993; fig. 6 in Xypolias and Koukouvelas, 2001; fig. 10 in Law et 
al., 2004; fig. 5 and figs. A1-A5 in Jessup et al., 2006; fig. 10 in Sullivan, 2008; fig. 9 in 
Frassi et al., 2009; fig. 7 in Johnson et al., 2009). They all look similar to our modeling-
produced patterns. Here, we take two natural examples to illustrate that estimated 
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Figure 8.11  φ−R  Cartesian coordinate plots of natural clast data.  
(a) Clasts of feldspar from the Okanagan Valley shear zone, BC, Canada. (b) Data 
taken from the first plot of fig. 10 in Law et al. (2004). Black circles represent 
feldspars, and white squares represent amphiboles.  
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vorticity numbers in the range of 0.5~0.85 may all have come from flow fields that are 
close to simple shearing. One is from mylonites in the Okanagan Valley shear zone in 
British Columbia, Canada. Kinematic analysis and field geology of the shear zone 
suggest that the deformation path is close to simple shearing (Liu, 2009). Figure 8.11a is 
the φ−R  plot of the clasts collected from the Okanagan Valley shear zone, and it 
suggests a cutoffR  of 1.8~3, which would yield an estimated vorticity number of 0.53~0.8 
using the ARC method. Using the SC method, the estimated vorticity number is in the 
range of 0.7~0.9. The other example is shown in Figure 8.11b, taken from Law et al. 
(2004, the first plot of their fig. 10). The cutoffR  is 2.5~3.0, which would yield an 
estimated vorticity number of 0.72~0.8 using the ARC method. With the SC method, the 
estimated vorticity number would be between 0.7 and 0.8. The φ−R  plots from the 
above two examples as well as those from many other natural shear zones are similar to 
our modeling results (Figure 8.6b-d and Figure 8.9b-d).  Therefore, like our numerical 
modeling results, the vorticity numbers estimated from these natural shear zones could 
also have been produced by close-to-simple-shearing flows.  
8.5 Why are the uncertainties so large?  
We have shown above that even in the ideal modeling situations (given monoclinic, 
homogeneous and steady flow, all clasts obeying Jeffery's theory), the estimated vorticity 
numbers generally have uncertainties so large that all currently reported numbers 
(0.5~0.85) could have been explained by simple shearing. It is unnecessary, from the 
estimated "vorticity numbers" alone, to invoke shear zone boundary conditions 
significantly different from simple shearing. Why are the uncertainties so large? We will 
show in this section that these uncertainties are due to the 3D nature of rigid clast 
rotation. They are intrinsic and cannot be removed by any "better" measurements or 
presentations of the observable dataset.  
In order to understand the nature and origin of the uncertainties, it is necessary to 
investigate rotation behavior of individual triaxially-shaped clasts in monoclinic flows. 
The 3D rotation is complex. To facilitate discussion, we divide clasts in monoclinic flows 
into three types according to their rotation behaviors (Figure 8.12). 
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Figure 8.12  φ−R  Cartesian coordinate plot of rotation paths for three types of 
clasts.  
At sufficiently high strains type A clasts stabilize, and they are plotted on the curve 
in the φ−R  plot. At sufficiently high strains, a type B clast, having one symmetry 
axis parallel to the vorticity vector, only changes its φ . Type C clast always changes 
its R  and φ  with deformation, and shows complicated trajectory of φ−R  path. 
The R  of this clast is always less than its 1a / 3a (=3.5).  
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8.5.1 Clast rotation behaviors 
A clast is type A if it can reach a stable orientation where all of its three symmetry axes 
are fixed. When it reaches the stable orientation, both its shape ( R ) and orientation (φ ) 
are fixed on the VNS. A clast is type B if it rotates permanently but will eventually have 
one symmetry axis parallel to the vorticity vector. Once one symmetry axis of a type B 
clast reaches parallelism with the vorticity vector, its R  on the VNS is fixed, but its φ  
still varies with deformation. A clast is type C if it rotates permanently and none of its 
symmetry axes is parallel to the vorticity vector. For a type C clast, both its R  and φ  on 
the VNS vary with deformation. In a given general monoclinic flow, what type of 
behavior an ellipsoidal clast follows depends on the flow field and the clast shape. For a 
type A or type B clast, the symmetry axis that eventually aligns with the vorticity vector 
is its intermediate axis if the flow field is a plane-straining one and its long axis if the 
flow field is an S&M flow. Figure 8.13 shows the relation between clast shape and clast 
rotation type in plane-straining general flows and S&M flows. In a plane-straining flow 
field, a clast with 31 / aa  > critR  is a type A clast because it can stabilize with its 
intermediate principal axis parallel to the vorticity vector. A clast with 31 / aa  < critR  is a 
type C clast. In an S&M flow field, it is always the long axis of a clast that will 
eventually reach parallelism with the vorticity vector. The clast is type A if its 32 / aa  >
critR , and type B if its 32 / aa  < critR .  
Although in monoclinic flows a clast of type A or type B eventually has one symmetry 
axis parallel to the vorticity vector in principle, it is impossible for most of these clasts in 
a natural shear zone to reach the orientations if they are initially randomly oriented 
(Figure 8.14 and Figure 8.16). To align the symmetry axes of most of these clasts with 
the vorticity vector requires enormously high strains. For a sectional kinematic vorticity 
number in the range of 0.7-0.9, for example, the required finite strain would amount to 
reducing a 10-km-wide zone to one less than 10 cm! These strains are ridiculously too 
high for any natural shear zones.  
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Figure 8.13  Flinn diagram showing the relation of clast rotation type to clast shape 
in two types of flows.  
(a) In a general plane-straining flow, clasts are either type A or type C. (b) In an 
S&M flow, clasts are either type A or type B.   
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Figure 8.14  Lower hemisphere equal area projections of the 1a  axes of 300 clasts at 
different bulk finite strains in the S&M flow with skW  of 0.9.  
All clasts are initially uniformly oriented (Figure 8.5a-c), and their shapes are shown 
in Figure 8.5d. Very few clasts can reach the orientations where their 1a  axes are 
parallel to the vorticity vector at geologically realistic strains. In (c) the shear zone 
width is already thinned to 14.3% of its original width; however, only 18.7% clasts 
align their 1a  axes to be within °10  to the vorticity vector. 
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Figure 8.15  φ−R  rotation paths for two clasts in the plane-straining flow (a) and 
the S&M flow (b) both with skW  of 0.9. 
Both clasts have the same initial orientation (long axis: 12 ,137° ° , intermediate axis: 
13 , 230° ° , and short axis: 72 ,105° ° ). The initial states of the two clasts are plotted 
as open circles. Note that for either clast, φ  decreases quickly to be within °10  of 
the shear plane and then changes very slowly. Only after the clast 1a  axis reaches 
parallelism with the vorticity vector, type B clast starts to show a wide range of φ  
values (the 5:2:1 clast in (b)). The two curves are constructed using Eq. (8.7) for a 
vorticity number of 0.3 and 0.9 respectively. At geologically realistic strains, if these 
two clasts are treated as stabilized clasts, the estimated vorticity number will be 
0.3~0.9, using the SC method. 
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8.5.2 Origin of uncertainties for each method 
The 3D nature of clast rotation at geologically realistic strain leads to large uncertainties 
in the vorticity analysis methods. In plane-straining or S&M flows, φ  values of clasts, 
especially elongated ones (mostly type A), tend to decrease to within °10  of the shear 
plane quite rapidly as deformation advances. But afterwards the φ  values change very 
slowly with further deformation (Figures 0.15, 0.16b-d, and 0.16f-h). Because of this, the 
cutoffR  can significantly differ from critR . In a flow approaching simple shearing, critR  
approaches infinity while cutoffR is always a small finite number. Therefore the estimated 
vorticity number never quite reaches 1. The difference between critR  and cutoffR  can be 
very large, which leads to large uncertainties in the aspect ratio cutoff (ARC) method. For 
geologically realistic strain, very few clasts of type A can reach their stable orientations 
(Figure 8.16). The linear curve defined by clasts with large R 's may significantly differ 
from that defined by stabilized clasts on the φ−R  plot, and it leads to a large uncertainty 
in the stabilized clast (SC) method.  
In any S&M flow, it takes relatively small strain for the trends of 1a  axes of most clasts, 
especially elongated clasts, to approach the strike of the shear zone boundary and for 3a  
axes to approach the shear zone normal (Figure 8.14 and Figure 8.17). After that the 
plunges of 1a  axes increase gradually but the trends hardly change (Figure 8.14). 
Therefore, on the VNS, clasts with large R 's tend to show φ 's around zero, but they are 
far from stabilized. With SC method, the uncertainty in estimated vorticity number by 
treating these clasts as stabilized clasts can be as large as 0.6 (Figure 8.15). When the 1a  
axes of type B clasts of 132 / Raa =  ( 1R  can be any value between 1 and critR ) reach 
parallelism with the vorticity vector, the 3a  axes start to rotate permanently within the 
VNS, and the φ−R  plot starts to show a wide range of φ  values at 1RR =  (Figure 
8.15b). At geologically realistic strains, few 1a  axes of clasts can reach parallelism with 
the vorticity vector (Figure 8.14c), and type B clasts display φ  values around zero  
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Figure 8.16  φ−R  Cartesian coordinate plots of 300 clasts in the plane-straining 
flow with skW  of 0.9.  
All clasts are initially uniformly oriented (Figure 8.5a-c), but their shapes in (a-d) 
are 1:2:5:: 321 =aaa  , and in (e-h) are 1:5:6:: 321 =aaa  . Note that these clasts 
start to show low φ  values at relatively low finite strain (b and f). Both of the two 
types of clasts are type A, and in principle their intermediate axes will eventually 
align with the vorticity vector showing R =5 for 5:2:1 clasts and R =6 for 6:5:1 
clasts in plots. However, very few clasts align their intermediate axes with the 
vorticity vector at bulk finite strain of 
3
1
s
s
 =200 when the shear zone width is thinned 
to 15.9% of its original width (d and h). 
 
 
260 
 
 
261 
 
 
Figure 8.17  Lower-hemisphere equal-area projections of the 3a  axes of 300 clasts at 
different finite strains in the S&M flow with skW  of 0.9.  
Clast initial orientations and shapes are the same as in Figure 8.14. Note that 3a  
axes quickly approach the normal to the shear zone boundary (a).  
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defining a cutoffR  much smaller than critR  (Figure 8.9). Therefore large uncertainties exist 
in the ARC method (Figures 0.6-0.10).   
In plane-straining flows, clasts are either type A or type C. Similarly, at geologically 
realistic strains, very few 2a  axes of type A clasts can reach parallelism with the vorticity 
vector (Figure 8.16), and a large uncertainty is introduced when treating them as 
stabilized clasts in the SC method. For the ARC method, cutoffR  cannot represent critR  
properly, which leads to a large uncertainty. In order for cutoffR  to represent critR  
properly, type C clasts are required to show a wide range of φ  values at R  close to critR . 
However, all type C clasts have 31 / aa  ratio ( r ) less than critR  , and only a few clasts in a 
population of clasts have r  close to critR . Besides, R  varies between 1 and r  during 
deformation for a type C clast, and the chance is rare for a type C clast to show R  equal 
or close to its r . Therefore, in plane-straining flows, type C clasts cannot show a wide 
range of φ  values at R  close to critR , and cutoffR  is generally less than critR . The ARC 
method can underestimate the vorticity number.  
For the backward rotating clast (BRC) method, additional uncertainties can be introduced 
due to the difficulty in identifying forward/backward rotating clasts in practice. Figure 
8.18 is an example showing the φ−R  polar plot of the rotation path of a triaxial clast 
(5.82:5.33:1) in the S&M flow with skW  of 0.7. This clast rotates forward first for °30  
along vorticity axis before it rotates backward. In the φ−R  plot, the transition (point T 
in Figure 8.18) between forward rotation and backward rotation is not on the hyperbola. 
The fact that a clast can reverse its rotation sense during deformation introduces a serious 
problem for identifying the rotation sense from their tails because an instantaneously 
backward rotating clast may have forward rotated and may still retain tails suggesting 
forward rotating. This kind of uncertainty can be large. Although it is possible in 
numerical modeling to determine if a specific clast is momentarily forward or backward 
rotating, it is generally impossible to do so for natural rigid clasts. Because of this kind of  
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Figure 8.18  φ−R  plot of a single clast ( 1:33.5:82.5:: 321 =aaa ) rotation path in 
the S&M flow with skW  of 0.7.  
The hyperbola is constructed using Eqs. (8.7) and (8.8) for the skW  of 0.7. The initial 
orientation of the clast is 1 :10 ,143a ° ° , 2 : 45 ,052.5a ° ° , and 3 : 44 ,160a ° ° . The clast 
rotates forward (dash line) first, and then rotates backward (solid line). 
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uncertainty, we do not compare our numerical modeling results with those from practical 
vorticity analysis using the BRC method. 
As discussed above, the uncertainties in the estimated vorticity number using the vorticity 
analysis methods are consequences of 3D rotation behavior of clasts. Therefore, the 
uncertainties are truly intrinsic, and cannot be removed. 
8.6 Conclusions  
Rigid clast motion relevant for natural rock deformation is an intrinsically 3D problem. 
Current vorticity analysis methods are mainly based on the 2D theory of Ghosh and 
Ramberg (1976) which is inappropriate for clasts in natural rocks. 
Even in flow fields that are homogeneous, steady state, and with monoclinic symmetries 
and assuming that clast rotation perfectly follows Jeffery's theory, the vorticity analysis 
methods using rigid clasts have intrinsic uncertainties so large that the results cannot be 
used to constrain the kinematics of natural shear zones. The large uncertainties associated 
with vorticity analysis using rigid clasts arise from 3D nature of rigid clast rotation.  
Given the large intrinsic uncertainties in vorticity analysis using rigid clasts, the vorticity 
numbers between 0.5 and 0.85 reported in the literature using these methods could all 
have been produced in zones with close-to-simple-shearing flows. 
265 
 
8.7 References 
Bailey, C., Eyster, E., 2003. General shear deformation in the Pinaleno Mountains 
metamorphic core complex, Arizona. Journal of Structural Geology 25 (11), 
1883-1892. 
Bjørnerud, M. G., Zhang, H., 1995. Flow mixing, object-matrix coherence, mantle 
growth and the development of porphyroclast tails. Journal of Structural Geology 
17 (9), 1347-1350. 
Bobyarchick, A. R., 1986. The eigenvalues of steady flow in Mohr space. Tectonophysics 
122 (1-2), 35-51. 
Carter, N. L., 1975. High-temperature flow of rocks. Reviews of Geophysics 13 (3), 344-
349. 
Carter, N. L., 1976. Steady state flow of rocks. Reviews of Geophysics 14 (3), 301-360. 
Ceriani, S., Mancktelow, N. S., Pennacchioni, G., 2003. Analogue modelling of the 
influence of shape and particle/matrix interface lubrication on the rotational 
behaviour of rigid particles in simple shear. Journal of Structural Geology 25 (12), 
2005-2021. 
Fossen, H., Tikoff, B., 1993. The deformation matrix for simultaneous simple shearing, 
pure shearing, and volume change, and its application to 
transpression/transtension tectonics. Journal of Structural Geology 15 (3-5), 413-
422. 
Frassi, C., Carosi, R., Montomoli, C., Law, R. D., 2009. Kinematics and vorticity of flow 
associated with post-collisional oblique transpression in the Variscan Inner Zone 
of northern Sardinia (Italy). Journal of Structural Geology 31 (12), 1458-1471. 
Freeman, B., 1985. The motion of rigid ellipsoidal particles in slow flows. 
Tectonophysics 113 (1-2), 163-183. 
266 
 
Gay, N. C., 1968. The motion of rigid particles embedded in a viscous fluid during pure 
shear deformation of the fluid. Tectonophysics 5 (2), 81-88. 
Ghosh, S., Ramberg, H., 1976. Reorientation of inclusions by combination of pure shear 
and simple shear. Tectonophysics 34 (1-2), 1-70. 
Gleason, G. C., Tullis, J., 1995. A flow law for dislocation creep of quartz aggregates 
determined with the molten salt cell. Tectonophysics 247 (1-4), 1-23. 
Grasemann, B., Fritz, H., Vannay, J. C., 1999. Quantitative kinematic flow analysis from 
the Main Central Thrust Zone (NW-Himalaya, India): implications for a 
decelerating strain path and the extrusion of orogenic wedges. Journal of 
Structural Geology 21 (7), 837-853. 
Grujic, D., Casey, M., Davidson, C., Hollister, L. S., Kündig, R., Pavlis, T., Schmid, S., 
1996. Ductile extrusion of the Higher Himalayan Crystalline in Bhutan: evidence 
from quartz microfabrics. Tectonophysics 260 (1-3), 21-43. 
Hobbs, B. E., Means, W. D., Williams, P. F., 1976. An outline of structural geology. 
Wiley, New York. 
Ildefonse, B., Arbaret, L., Diot, H., 1997. Rigid particles in simple shear flow: is their 
preferred orientation periodic or steady-state? In: Bouchez, J. L., Hutton, D. H. 
W., Stephens, W. E. (Eds.), Granites: from melt segragation to emplacement 
fabrics. Kluwer, Dordrecht, 177–185. 
Ildefonse, B., Launeau, P., Bouchez, J. L., Fernandez, A., 1992a. Effect of mechanical 
interactions on the development of shape preferred orientations: a two-
dimensional experimental approach. Journal of Structural Geology 14 (1), 73-83. 
Ildefonse, B., Mancktelow, N. S., 1993. Deformation around rigid particles: the influence 
of slip at the particle/matrix interface. Tectonophysics 221 (3-4), 345-359. 
267 
 
Ildefonse, B., Sokoutis, D., Mancktelow, N. S., 1992b. Mechanical interactions between 
rigid particles in a deforming ductile matrix. Analogue experiments in simple 
shear flow. Journal of Structural Geology 14 (10), 1253-1266. 
Jeffery, G. B., 1922. The motion of ellipsoidal particles immersed in a viscous fluid. 
Proceedings of the Royal Society of London A102, 161-179. 
Jessup, M. J., Law, R. D., Frassi, C., 2007. The Rigid Grain Net (RGN): An alternative 
method for estimating mean kinematic vorticity number (Wm). Journal of 
Structural Geology 29 (3), 411-421. 
Jessup, M. J., Law, R. D., Searle, M. P., Hubbard, M. S., 2006. Structural evolution and 
vorticity of flow during extrusion and exhumation of the Greater Himalayan slab, 
Mount Everest Massif, Tibet/Nepal: Implications for orogen-scale flow 
partitioning. In: Law, R. D. (Ed.), Channel flow, Ductile extrusion and 
Exhumation in Continental Collision Zones. Geological Society, London, Special 
Publications, 268, 379-413. 
Ježek, J., Melka, R., Schulmann, K., Venera, Z., 1994. The behaviour of rigid triaxial 
ellipsoidal particles in viscous flows-modeling of fabric evolution in a 
multiparticle system. Tectonophysics 229 (3-4), 165-180. 
Ježek, J., Schulmann, K., Segeth, K., 1996. Fabric evolution of rigid inclusions during 
mixed coaxial and simple shear flows. Tectonophysics 257 (2-4), 203-221. 
Jiang, D., 1994. Flow variation in layered rocks subjected to bulk flow of various 
kinematic vorticities: theory and geological implications. Journal of Structural 
Geology 16 (8), 1159-1172. 
Jiang, D., 1999. Vorticity decomposition and its application to sectional flow 
characterization. Tectonophysics 301 (3), 243-260. 
Jiang, D., 2007. Numerical modeling of the motion of rigid ellipsoidal objects in slow 
viscous flows: A new approach. Journal of Structural Geology 29 (2), 189-200. 
268 
 
Jiang, D., 2010. Flow and finite deformation of surface elements in three dimensional 
homogeneous progressive deformations. Tectonophysics 487 (1-4), 85-99. 
Jiang, D., White, J. C., 1995. Kinematics of rock flow and the interpretation of geological 
structures, with particular reference to shear zones. Journal of Structural Geology 
17 (9), 1249-1265. 
Jiang, D., Williams, P. F., 1998. High-strain zones: a unified model. Journal of Structural 
Geology 20 (8), 1105-1120. 
Jiang, D., Williams, P. F., 1999. A fundamental problem with the kinematic interpretation 
of geological structures. Journal of Structural Geology 21 (8-9), 933-937. 
Johnson, S. E., Lenferink, H. J., Price, N. A., Marsh, J. H., Koons, P. O., West, D. P., 
Beane, R., 2009. Clast-based kinematic vorticity gauges: The effects of slip at 
matrix/clast interfaces. Journal of Structural Geology 31 (11), 1322-1339. 
Kirby, S. H., 1983. Rheology of the lithosphere. Reviews of Geophysics 21 (6), 1458-
1487. 
Klepeis, K. A., Daczko, N. R., Clarke, G. L., 1999. Kinematic vorticity and tectonic 
significance of superposed mylonites in a major lower crustal shear zone, northern 
Fiordland, New Zealand. Journal of Structural Geology 21 (10), 1385-1405. 
Kuiper, Y. D., Jiang, D., 2010 Kinematics of deformation constructed from deformed 
planar and linear elements: the method and its application. Tectonophysics 492 
(1-4), 175-191.  
Kurz, G. A., Northrup, C. J., 2008. Structural analysis of mylonitic rocks in the Cougar 
Creek Complex, Orogon-Idaho using the porphyroclast hyperbolic distribution 
method, and potential use of SC’-type extensional shear bands as quantitative 
vorticity indicators. Journal of Structural Geology 30 (8), 1005-1012. 
269 
 
Langille, J., Lee, J., Hacker, B., Seward, G., 2010. Middle crustal ductile deformation 
patterns in southern Tibet: Insights from vorticity studies in Mabja Dome. Journal 
of Structural Geology 32 (1), 70-85. 
Law, R. D., Searle, M. P., Simpson, R. L., 2004. Strain, deformation temperatures and 
vorticity of flow at the top of the Greater Himalayan Slab, Everest Massif, Tibet. 
Journal of the Geological Society, London 161, 305-320. 
Lin, S., Jiang, D., Williams, P. F., 1998. Transpression (or transtension) zones of triclinic 
symmetry: Natural example and theoretical modeling. In: Holdsworth, R. E., 
Strachan, R. A., Dewey, J. F. (Eds.), Continental transpressional and 
transtensioanl tectonics. Geological Society, London, Special Publications, 135, 
41-57. 
Lister, G., Williams, P. F., 1983. The partitioning of deformation in flowing rock masses. 
Tectonophysics 92 (1-3), 1-33. 
Liu, R., 2009. Deformation of the Clast-matrix System and its Application to the 
Microstructural analysis of mylonites. Unpublished M.Sc. thesis, the University 
of Western Ontario. 
Mancktelow, N. S., Arbaret, L., Pennacchioni, G., 2002. Experimental observations on 
the effect of interface slip on rotation and stabilisation of rigid particles in simple 
shear and a comparison with natural mylonites. Journal of Structural Geology 24 
(3), 567-585. 
Mandal, N., Kumar Samanta, S., Bhattacharyya, G., Chakraborty, C., 2005. Rotation 
behaviour of rigid inclusions in multiple association: insights from experimental 
and theoretical models. Journal of Structural Geology 27 (4), 679-692. 
Marques, F. G., Cobbold, P. R., 1995. Development of highly non-cylindrical folds 
around rigid ellipsoidal inclusions in bulk simple shear regimes: natural examples 
and experimental modelling. Journal of Structural Geology 17 (4), 589-602. 
270 
 
Marques, F. O., Bose, S., 2004. Influence of a permanent low-friction boundary on 
rotation and flow in rigid inclusion/viscous matrix systems from an analogue 
perspective. Tectonophysics 382 (3-4), 229-245. 
Marques, F. O., Coelho, S., 2001. Rotation of rigid elliptical cylinders in viscous simple 
shear flow: analogue experiments. Journal of Structural Geology 23 (4), 609-617. 
Marques, F. O., Schmid, D. W., Anderson, T. B., 2007. Applications of inclusion 
behaviour models to a major shear zone system: The Nordfjore-Sogen 
Detachment zone in western Norway. Journal of Structural Geology 29 (10), 
1622-1631. 
Masuda, T., Michibayashi, K., Ohata, H., 1995. Shape preferred orientation of rigid 
particles in a viscous matrix; reevaluation to determine parameters of ductile 
deformation. Journal of Structural Geology 17 (1), 115-129. 
Means, W. D., 1990. Kinematics, stress, deformation and material behavior. Journal of 
Structural Geology 12 (8), 953-971. 
Means, W. D., Hobbs, B. E., Lister, G. S., Williams, P. F., 1980. Vorticity and non-
coaxiality in progressive deformation. Journal of Structural Geology 2 (3), 371-
378. 
Mitra, G., 1978. Ductile deformation zones and mylonites; the mechanical processes 
involved in the deformation of crystalline basement rocks. American Journal of 
Science 278 (8), 1057-1084. 
Mulchrone, K. F., 2007. An analytical solution in 2D for the motion of rigid elliptical 
particles with a slipping interface under a general deformation. Journal of 
Structural Geology 29 (6), 950-960. 
Passchier, C. W., 1986. Flow in natural shear zones-the consequences of spinning flow 
regimes. Earth and Planetary Science Letters 77 (1), 70-80. 
271 
 
Passchier, C. W., 1987. Stable positions of rigid objects in non-coaxial flow: a study in 
vorticity analysis. Journal of Structural Geology 9 (5-6), 679-690. 
Passchier, C. W., 1990. A Mohr circle construction to plot the stretch history of material 
lines. Journal of Structural Geology 12 (4), 513-515. 
Passchier, C. W., 1997. The fabric attractor. Journal of Structural Geology 19 (1), 113-
127. 
Passchier, C. W., 1998. Monoclinic model shear zones. Journal of Structural Geology 20 
(8), 1121-1137. 
Passchier, C. W., Urai, J. L., 1988. Vorticity and strain analysis using Mohr diagrams. 
Journal of Structural Geology 10 (7), 755-763. 
Pennacchioni, G., Fasolo, L., Cecchi, M. M., Salasnich, L., 2000. Finite-element 
modelling of simple shear flow in Newtonian and non-Newtonian fluids around a 
circular rigid particle. Journal of Structural Geology 22 (5), 683-692. 
Pili, É., Ricard, Y., Lardeaux, J. M., Sheppard, S. M. F., 1997. Lithospheric shear zones 
and mantle-crust connections. Tectonophysics 280 (1-2), 15-29. 
Ramberg, H., 1975a. Particle paths, displacement and progressive strain applicable to 
rocks. Tectonophysics 28 (1-2), 1-37. 
Ramberg, H., 1975b. Superposition of homogeneous strain and progressive deformation 
in rocks. Bulletin of the Geological Institute of Uppsala, N.S. 6, 35-67. 
Ramsay, J. G., 1980. Shear zone geometry: A review. Journal of Structural Geology 2 (1-
2), 83-99. 
Ramsay, J., Graham, R., 1970. Strain variation in shear belts. Canadian Journal of Earth 
Sciences 7 (3), 786-813. 
Ratschbacher, L., Wenk, H., Sintubin, M., 1991. Calcite textures-examples from nappes 
with strain-path partitioning. Journal of Structural Geology 13 (4), 369-384. 
272 
 
Regenauer-Lieb, K., Yuen, D. A., 2003. Modeling shear zones in geological and 
planetary sciences: solid- and fluid-thermal–mechanical approaches. Earth-
Science Reviews 63 (3-4), 295-349. 
Robin, P. F., Cruden, A. R., 1994. Strain and vorticity patterns in ideally ductile 
transpression zones. Journal of Structural Geology 16 (4), 447-466. 
Sanderson, D. J., Marchini, W. R. D., 1984. Transpression. Journal of Structural Geology 
6 (5), 449-458. 
Sarkarinejad, K., Azizi, A., 2008. Slip partitioning and inclined dextral transpression 
along the Zagros Thrust System, Iran. Journal of Structural Geology 30 (1), 116-
136. 
Sarkarinejad, K., Godin, L., Faghih, A., 2009. Kinematic vorticity flow analysis and 
40Ar/39Ar geochronology related to inclined extrusion of the HP–LT metamorphic 
rocks along the Zagros accretionary prism, Iran. Journal of Structural Geology 
31(7), 691-706. 
Savage, M. K., 1999. Seismic anisotropy and mantle deformation: what have we learned 
from shear wave. Reviews of Geophysics 37 (1), 65-106. 
Schmid, D. W., Podladchikov, Y. Y., 2004. Are isolated stable rigid clasts in shear zones 
equivalent to voids? Tectonophysics 384 (1-4), 233-242. 
Schmid, D. W., Podladchikov, Y. Y., 2005. Mantled porphyroclast gauges. Journal of 
Structural Geology 27 (3), 571-585. 
Short, H. A., Johnson, S. E., 2006. Estimation of vorticity from fibrous calcite veins, 
central Maine, USA. Journal of Structural Geology 28 (7), 1167-1182. 
Simpson, C., De Paor, D. G., 1993. Strain and kinematic analysis in general shear zones. 
Journal of Structural Geology 15 (1), 1-20.  
273 
 
Simpson, C., De Paor, D. G., 1997. Practical analysis of general shear zones using the 
porphyroclast hyperbolic distribution method: an example from the Scandinavian 
Cavedonides. In: Sengputta, S. (Ed.), Evolution of Geological Structues in Micr- 
to Macro-Scales. Chapman & Hall London, 169-184. 
Sullivan, W. A., 2008. Significance of transport-parallel strain variations in part of the 
Raft River shear zone, Raft River Mountains, Utah, USA. Journal of Structural 
Geology 30 (2), 138-158. 
Tchalenko, J. S., 1970. Similarities between Shear Zones of Different Magnitudes. 
Geological Society of America Bulletin 81 (6), 1625-1640. 
Thigpen, R. J., Law, R. D., Lloyd, G. E., Brown, S. J., 2010 Deformation temperatures, 
vorticity of flow, and strain in the Moine thrust zone and Moine nappe: 
Reassessing the tectonic evolution of the Scandian foreland-hinterland transition 
zone. Journal of Structural Geology 32 (7), 920-940. 
Tikoff, B., Fossen, H., 1995. The limitations of three-dimensional kinematic vorticity 
analysis. Journal of Structural Geology 17 (12), 1771-1784. 
Truesdell, C. A., 1953. Two measures of vorticity. Journal of Rational Mechanics 
Analysis 2, 173-217. 
Truesdell, C. A., 1954. The kinematics of vorticity. Indiana University Press, 
Bloomington. 
Truesdell, C. A., 1991. A first course in rational continuum mechanics. Academic Press. 
Tullis, J. A., 1979. High temperature deformation of rocks and minerals. Reviews of 
Geophysics 17 (6), 1137-1154. 
Vauchez, A., Tommasi, A., 2003. Wrench faults down to the asthenosphere: geological 
and geophysical evidence and thermo-mechanical effects. In: Storti, F. (Ed.), 
Intraplate Strike-slip Deformation Belts. Geological Society, London, Special 
Publications, 210, 15-34. 
274 
 
Vissers, R. L. M., 1989. Asymmetric quartz c-axis fabrics and flow vorticity: a study 
using rotated garnets. Journal of Structural Geology 11 (3), 231-244. 
Wallis, S. R., 1992. Vorticity analysis in a metachert from the Sanbagawa Belt, SW 
Japan. Journal of Structural Geology 14 (3), 271-280. 
Wallis, S. R., 1995. Vorticity analysis and recognition of ductile extension in the 
Sanbagawa belt, SW Japan. Journal of Structural Geology 17 (8), 1077-1093. 
Wallis, S. R., Platt, J. P., Knott, S. D., 1993. Recognition of syn-convergence extension 
in accretionary wedges with examples from the Calabrian Arc and the Eastern 
Alps. American Journal of Science 293 (5), 463-494. 
Wang, X., Zheng, Y., Wang, T., 2007. Strain and shear types of the Louzidian ductile 
shear zone in southern Chifeng, Inner Mongolia, China. Science in China, Series 
D: Earth Sciences 50 (4), 487-495. 
Wenk, H. R., Takeschita, T., Bechler, E., Erskine, B. G., Matthies, S., 1987. Pure shear 
and simple shear calcite textures: comparison of experimental, theoretical and 
natural data. Journal of Structural Geology 9 (5-6), 731-745. 
Williams, P. F., Jiang, D., 2005. An investigation of lower crustal deformation: Evidence 
for channel flow and its implications for tectonics and structural studies. Journal 
of Structural Geology 27 (8), 1486-1504. 
Xypolias, P., Doutsos, T., 2000. Kinematics of rock flow in a crustal-scale shear zone: 
implication for the orogenic evolution of the southwestern Hellenides. Geological 
Magazine 137 (1), 81-96. 
Xypolias, P., Koukouvelas, I. K., 2001. Kinematic vorticity and strain rate patterns 
associated with ductile extrusion in the Chelmos Shear Zone (External Hellenides, 
Greece). Tectonophysics 338 (1), 59-77. 
Zhang, B., Zhang, J., Zhong, D., Guo, L., 2009. Strain and kinematic vorticity analysis: 
An indicator for sinistral transpressional strain-partitioning along the 
275 
 
Lancangjiang shear zone, western Yunnan, China. Science in China Series D: 
Earth Sciences 52 (5), 602-618. 
 
276 
 
Chapter 9
Conclusions and future work 
In this thesis the area between the Sudbury basin and French River in Ontario, Canada, 
especially the Grenville Front Tectonic Zone (GFTZ) between them, was investigated. 
The study area lies across the boundary between two geological provinces, and its 
northwest part is in the Southern Province and its southeast part is in the Grenville 
Province. The thesis focuses on the deformation history of the study area, specifically on 
the development of mylonites within the polyphase deformed GFTZ. Evolution of 
deformation fabrics within the area was revealed by means of detailed field mapping 
using a new digital mapping system. Deformation timing was constrained by structure 
correlation and zircon dating. Currently used methods of measuring vorticity in mylonite 
zones were investigated using numerical modeling.  
In summary, it was found that:   
(1) The new digital mapping system is very helpful in geological mapping. It includes 
a personal digital assistant equipped with an internal GPS and a mobile GIS 
mapping software, and ArcGIS software, which work together seamlessly in the 
whole mapping process.  
(2) In the Southern Province northwest to the GFTZ, a fold-and-thrust belt developed 
in the Penokean Orogeny between 1850 and 1830 Ma. Two generations of folds 
are preserved in this orogeny. The first generation folds are outcrop-scale folds 
within the strain localized zone in the Gowganda Formation in the Whitefish Falls 
area. These folds were produced in a bedding-parallel shear in the Penokean 
Orogeny. The second generation folds are km-to-tens-of-km-scale folds, and these 
folds compose the fold belt of the Penokean Orogeny. 
(3) Rocks in the northwest Grenville Province underwent three phases of deformation 
which are respectively a mid- to lower crustal sub-horizontal flow in the 
thickened crust, a folding during the NW-SE lithosphere extension, and a NW-SE 
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crustal shortening and top-to-the-NW thrusting. The mid- to lower crustal flow 
and lithosphere extension occurred throughout the Grenville Province part of the 
study area, while the NW-SE crustal shortening concentrated in the GFTZ, 
especially at the northwest boundary of the GFTZ. 
(4) The three deformation phases occurred during 1079-1030 Ma, 1028-1018 Ma, and 
1000-953 Ma respectively.  
(5) Most folds south of Coniston, Ontario, Canada at the Grenville Front were 
developed by folding of pre-existing layers or foliations in the NW-SE crustal 
shortening or top-to-the-NW thrusting.  
(6) Current vorticity analysis methods have uncertainties too large for them to be 
useful.  
In this thesis detailed structural analyses are limited to the study area and the inferred 
deformation history best fits the observations in the study area. The obtained deformation 
history is generally used to build a tectonic model to infer tectonic movement on a larger 
scale. Future work is needed to test the model. In Chapter 3, a fold-and-thrust belt 
hypothesis is proposed. Field mapping was only conducted in the north limb of the 
McGregor Bay Anticline, and its south limb has not been visited. If Gowganda folds can 
be found in the south limb, the asymmetry and orientation of the folds can be used to test 
or refine the hypothesis. In Chapter 4, it is concluded that rocks in the northwest 
Grenville Province flowed in a subhorizontal direction in the mid- to lower crust in the 
Ottawan Orogenic phase. Rivers (2008) proposed that the rocks flowed in a channel. The 
channel flow model requires that shear sense in the rocks blow and adjacent to his 
orogenic lid was top to the SE during the Ottawan phase. Top-to-the-SE shearing at the 
location in Ottawan phase has not been reported in the literature, and future work is 
needed in order to test the channel flow model. 
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Appendix A  LA-ICP-MS data for spot analysis of zircons  
Sample Th (ppm) 
U 
(ppm) 
Pb 
(ppm) Th/U La/Yb Pb
207/Pb206  1 σ  
(abs) Pb
207/U235 1 σ  
(abs) Pb
206/U238 1 σ  
(abs) 
Pb206/Pb207 
Age (Ma) 
±  
(Ma) 
Pb207/U235   
Age (Ma) 
1 σ  
(Ma) 
Pb206/U238   
Age (Ma) 
1 σ  
(Ma) 
AME  Diorite dike, UTM 533579E  5149272N 
E1 25.8 134.08 85.9 0.19  0.18023 0.00272 12.8126 0.19788 0.51397 0.00361 2655 23 2666 15 2674 15 
E2 171 526.31 321.2 0.26  0.18689 0.00256 12.14381 0.17387 0.46863 0.00324 2715 21 2616 13 2478 14 
E3 178 203.59 131.3 0.81  0.1806 0.00318 11.02025 0.18125 0.44255 0.00279 2658 30 2525 15 2362 12 
E4 80.3 642.27 364.5 0.1  0.17663 0.00283 10.87521 0.16235 0.44654 0.00259 2622 27 2513 14 2380 12 
E5 56.5 246.2 126.8 0.21  0.17372 0.00251 10.51301 0.18829 0.43791 0.00553 2594 22 2481 17 2341 25 
E6 120 208.48 126.6 0.53  0.1668 0.00329 10.25926 0.18651 0.44609 0.00338 2526 34 2458 17 2378 15 
E7 559 1412.7 817.4 0.36  0.17734 0.0032 10.39708 0.17609 0.4252 0.00262 2628 31 2471 16 2284 12 
E8 26.5 317.17 162.8 0.08  0.16797 0.00317 9.92004 0.16955 0.42834 0.00342 2537 32 2427 16 2298 15 
E9 225 211.73 133.2 0.96  0.17341 0.00453 9.87064 0.22993 0.41283 0.0049 2591 45 2423 21 2228 22 
E10 128 341.52 172.2 0.35  0.1657 0.00226 9.06606 0.15041 0.39473 0.00385 2515 23 2345 15 2145 18 
E11 76.1 192.98 90.1 0.37  0.16373 0.00254 8.69562 0.15057 0.3831 0.00315 2495 26 2307 16 2091 15 
E12 638 1104.2 506.8 0.55  0.16854 0.0022 8.69277 0.1576 0.37161 0.00441 2543 24 2306 17 2037 21 
E13 18.5 574.65 248.9 0.03  0.17079 0.00244 8.65329 0.14126 0.36558 0.00346 2565 23 2302 15 2009 16 
E14 10.8 161.72 77.1 0.06  0.1617 0.0038 8.34719 0.16752 0.37439 0.00458 2474 41 2269 18 2050 21 
E15 59 463.12 198.2 0.12  0.17016 0.00323 8.02838 0.13461 0.34218 0.00306 2559 33 2234 15 1897 15 
E16 31.2 276.7 114.9 0.11  0.17448 0.00469 8.16171 0.17903 0.33925 0.00527 2601 46 2249 20 1883 25 
E17 46.2 135.76 59.9 0.3  0.15954 0.00352 7.20346 0.14421 0.32747 0.00304 2451 38 2137 18 1826 15 
E18 648 1742.8 730.9 0.36  0.16973 0.00336 7.34285 0.13192 0.31376 0.00262 2555 34 2154 16 1759 13 
E19 34.2 1927.5 666.9 0.02  0.10602 0.00159 4.44353 0.07399 0.30215 0.00273 1732 26 1720 14 1702 14 
E20 26.2 832.05 271.2 0.03  0.10552 0.00201 4.19418 0.06936 0.28827 0.00274 1723 36 1673 14 1633 14 
E21 14.5 649.45 206.4 0.02  0.10092 0.00176 3.95611 0.068 0.28288 0.00195 1641 30 1625 14 1606 10 
E22 231 657.69 189 0.33  0.16757 0.00241 5.46608 0.12538 0.23546 0.00423 2534 24 1895 20 1363 22 
E23 301 1075.1 322 0.26  0.1729 0.00245 5.68658 0.15502 0.23721 0.00568 2586 22 1929 24 1372 30 
E24 34.2 1241.5 247 0.03  0.07368 0.00145 1.78362 0.03261 0.17557 0.00127 1033 41 1040 12 1043 7 
E25 28 1054.9 199.2 0.03  0.0733 0.00114 1.75197 0.02632 0.1726 0.00108 1022 28 1028 10 1026 6 
E26 14.8 1836.4 346.3 0.01  0.07301 0.00105 1.72632 0.02525 0.17045 0.00104 1014 28 1018 9 1015 6 
E27 34.9 1573.3 296.8 0.02  0.07259 0.00136 1.66794 0.02976 0.16665 0.00097 1003 39 996 11 994 5 
E28 19 840 156.4 0.02  0.0741 0.00136 1.69459 0.03041 0.16504 0.00107 1044 35 1006 11 985 6 
                  
AMW  Diorite dike, UTM  533578E  5149272N 
W1 127.3 233.1 161.4 0.53  0.18395 0.00274 13.18199 0.18841 0.51742 0.003 2689 22 2693 13 2688 13 
W2 255 505.6 337.8 0.47  0.18171 0.00307 12.83013 0.23076 0.50954 0.00417 2669 27 2667 17 2655 18 
W3 135.8 203.7 143 0.63  0.18058 0.00376 12.46452 0.23826 0.50062 0.00415 2658 35 2640 18 2616 18 
281 
 
W4 111.8 241 155 0.45  0.17879 0.00271 12.24355 0.18545 0.49473 0.00344 2642 23 2623 14 2591 15 
W5 62.8 116.4 77.5 0.52  0.17874 0.00291 12.35029 0.20324 0.49995 0.00394 2641 25 2631 15 2614 17 
W6 80.9 132.1 91.6 0.6  0.17752 0.0031 12.61028 0.21719 0.51357 0.00346 2630 27 2651 16 2672 15 
W7 72.3 121.1 82.4 0.58  0.17559 0.00296 12.36036 0.20615 0.50925 0.00374 2612 26 2632 16 2653 16 
W8 61.3 140.7 91.3 0.43  0.1753 0.0032 12.12553 0.22288 0.50024 0.00371 2609 29 2614 17 2615 16 
W9 195.8 210.9 147 0.88  0.17642 0.00284 11.97479 0.2004 0.48995 0.00358 2619 26 2602 16 2570 15 
W10 52.8 135.2 85.7 0.37  0.18213 0.00315 12.27287 0.20995 0.48704 0.00363 2672 26 2625 16 2558 16 
W11 65.6 154.7 95.5 0.41  0.17241 0.00315 11.41175 0.20992 0.47883 0.0037 2581 29 2557 17 2522 16 
W12 111.6 1631.2 907.2 0.07  0.17307 0.0029 10.93299 0.15877 0.45815 0.00381 2588 29 2517 14 2431 17 
W13 44.1 174 102.1 0.25  0.17371 0.00315 11.01477 0.17623 0.45989 0.00393 2594 31 2524 15 2439 17 
W14 127.1 208.9 130.6 0.59  0.17713 0.00322 11.16325 0.1875 0.45709 0.00315 2626 31 2537 16 2427 14 
W15 67.6 795.4 427.3 0.08  0.1763 0.00286 10.79166 0.15614 0.44394 0.00326 2618 28 2505 13 2368 15 
W16 1309.7 1344.3 783.6 0.94  0.17783 0.00265 9.89413 0.15752 0.40206 0.00331 2633 23 2425 15 2179 15 
W17 38.6 165.2 81.4 0.19  0.15945 0.00396 8.22559 0.17961 0.37416 0.0044 2450 43 2256 20 2049 21 
W18 50.2 174.5 95.8 0.2  0.14119 0.01185 7.25308 0.59519 0.37258 0.00655 2242 150 2143 73 2042 31 
W19 468.2 866.9 324.9 0.43  0.16898 0.00268 7.07808 0.13429 0.30285 0.00374 2548 25 2121 17 1705 18 
W20 3.7 112 39.6 0.03  0.1041 0.0031 4.13943 0.11587 0.28841 0.00289 1698 56 1662 23 1634 14 
W21 0.7 16.6 3.3 0.03  0.08402 0.00557 2.00096 0.12627 0.17273 0.00351 1293 133 1116 43 1027 19 
                  
WCC  Wanapitei metagabbro, UTM 516590E  5146918N 
C1 290.9 583.7 243.1 0.48  0.12596 0.00181 5.71622 0.08696 0.32794 0.0023 2042 24 1934 13 1828 11 
C2 221.9 400.3 165.2 0.53  0.11939 0.00187 5.31748 0.08939 0.32199 0.00255 1947 27 1872 14 1799 12 
C3 357.4 303.5 128 1.14  0.10443 0.00346 4.00826 0.12877 0.27837 0.00227 1704 62 1636 26 1583 11 
C4 74.3 357.7 71.1 0.19  0.07655 0.00166 1.85115 0.04071 0.17495 0.00143 1110 42 1064 14 1039 8 
C5 27.9 258.5 50.2 0.1  0.07287 0.00172 1.7647 0.03953 0.17485 0.00145 1010 43 1033 15 1039 8 
C6 68.1 301.5 60.3 0.21  0.0717 0.00158 1.73171 0.03677 0.17474 0.00124 977 42 1020 14 1038 7 
C7 58.1 374.4 72.3 0.15  0.07596 0.00171 1.79425 0.03811 0.17132 0.00127 1094 46 1043 14 1019 7 
C8 30.8 233 44.7 0.13  0.07425 0.00157 1.75745 0.037 0.17136 0.00116 1048 41 1030 14 1020 6 
C9 45.5 276.4 53.3 0.16  0.07508 0.00169 1.76448 0.03924 0.17035 0.0013 1071 43 1032 14 1014 7 
C10 28.2 205.1 39.1 0.13  0.0732 0.00159 1.71834 0.03658 0.16993 0.00118 1019 42 1015 14 1012 7 
C11 54.9 315.1 60.6 0.17  0.07198 0.0014 1.6942 0.03211 0.16996 0.00105 986 37 1006 12 1012 6 
C12 43.4 250.7 47.6 0.17  0.07303 0.00145 1.69566 0.03336 0.16826 0.00124 1015 38 1007 13 1002 7 
C13 59.5 278.4 53.4 0.21  0.07351 0.00188 1.70298 0.04251 0.16694 0.00131 1028 49 1010 16 995 7 
C14 18.1 162.9 31.1 0.1  0.07173 0.00179 1.65499 0.03924 0.16733 0.00129 978 52 991 15 997 7 
C15 46.3 233.5 45.4 0.19  0.07364 0.00174 1.69623 0.03826 0.16705 0.00121 1032 49 1007 14 996 7 
C16 21.5 229.7 43.3 0.09  0.07338 0.00186 1.68984 0.041 0.16703 0.00126 1024 53 1005 15 996 7 
C17 50.1 386.6 72 0.13  0.07407 0.00137 1.70529 0.0323 0.16641 0.00099 1044 37 1011 12 992 5 
C18 37.2 423.4 77.2 0.08  0.07401 0.00139 1.69754 0.03183 0.16605 0.00115 1042 36 1008 12 990 6 
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C19 17.4 130.1 24.8 0.13  0.07317 0.002 1.67447 0.04363 0.16598 0.00138 1019 57 999 17 990 8 
C20 39.7 270.6 50.3 0.14  0.07293 0.00146 1.66954 0.03325 0.1657 0.00117 1012 39 997 13 988 6 
C21 53.1 267 50.3 0.19  0.07398 0.00149 1.68107 0.033 0.16388 0.00122 1041 38 1001 12 978 7 
                  
Pdyen  Pegmatite, UTM  516572E  5147361N 
P1 56.6 4001.5 756.8 0.014  0.07017 0.00123 1.70827 0.03091 0.17584 0.00143 933 34 1012 12 1044 8 
P2 25.3 1869.8 331.7 0.014  0.07546 0.00155 1.62347 0.0316 0.15603 0.00102 1081 42 979 12 935 6 
P3 58.3 2375 383.4 0.025  0.07013 0.00109 1.48156 0.02457 0.15255 0.0015 932 28 923 10 915 8 
P4 68.9 3452.8 540.6 0.02  0.07174 0.00128 1.41924 0.02339 0.14349 0.001 978 37 897 10 864 6 
P5 25.8 1961 276.9 0.013  0.07173 0.00208 1.35686 0.03055 0.13719 0.00249 978 60 871 13 829 14 
P6 44.6 2103.6 306.6 0.021  0.07223 0.0016 1.36078 0.02605 0.13664 0.00152 992 46 872 11 826 9 
P7 137.4 6252.8 772.2 0.022  0.06636 0.00117 1.06735 0.01978 0.11591 0.00099 818 35 737 10 707 6 
P8 36.2 2849.2 331.8 0.013  0.07301 0.0023 1.14637 0.02769 0.11388 0.00229 1014 65 776 13 695 13 
P9 39 2297.2 276.5 0.017  0.07371 0.00204 1.08694 0.0264 0.10695 0.00141 1034 57 747 13 655 8 
P10 322.1 9753.9 768.5 0.033  0.05882 0.00093 0.64909 0.01654 0.07938 0.0016 561 35 508 10 492 10 
P11 69.9 4321.1 360.7 0.016  0.07389 0.0013 0.77028 0.01236 0.07561 0.00054 1038 36 580 7 470 3 
P12 90.9 5497.9 395.3 0.017  0.06281 0.00164 0.55015 0.01286 0.06352 0.00073 702 57 445 8 397 4 
P13 114.8 6200.6 386 0.019  0.05773 0.00128 0.45191 0.00946 0.05677 0.00042 520 50 379 7 356 3 
P14 110.5 5342.4 371.4 0.021  0.06284 0.00242 0.47378 0.01798 0.05468 0.00038 703 84 394 12 343 2 
P15 248.8 11224.8 632.8 0.022  0.06075 0.0011 0.44585 0.00944 0.05274 0.00056 630 40 374 7 331 3 
P16 220.1 13687 766.6 0.016  0.05674 0.00083 0.42496 0.00734 0.05399 0.00055 481 31 360 5 339 3 
P17 442.3 5076.1 337.8 0.087  0.07444 0.0031 0.48664 0.01964 0.04741 0.00049 1053 86 403 13 299 3 
P18 481.7 9426 447.9 0.051  0.05879 0.00136 0.34838 0.00721 0.04298 0.00044 559 51 303 5 271 3 
P19 134 7484.7 351.1 0.018  0.05591 0.00221 0.32396 0.01191 0.04202 0.0006 449 90 285 9 265 4 
P20 338.5 11725.3 516.2 0.029  0.05213 0.00105 0.29857 0.00532 0.04154 0.00039 291 47 265 4 262 2 
P21 242.2 11284 490.7 0.021  0.05184 0.00093 0.28578 0.00483 0.03998 0.00025 278 42 255 4 253 2 
P22 380.1 14044.4 596.6 0.027  0.0519 0.00084 0.28322 0.00456 0.03943 0.00027 281 34 253 4 249 2 
P23 389.3 12563.4 518.5 0.031  0.05253 0.00079 0.2832 0.00438 0.03889 0.00025 308 33 253 3 246 2 
P24 12.6 882.5 165.2 0.014  0.09107 0.00169 2.06483 0.03913 0.16361 0.00126 1448 34 1137 13 977 7 
P25 64.3 3435 336.8 0.019  0.15328 0.00275 1.54259 0.03368 0.07236 0.00081 2383 33 948 13 450 5 
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Appendix B  Quartz c-axis orientations measured from using a universal stage. 
Only dynamically recrystallized quartz grains are measured. The measurement 
method can be found in Fairbairn (1949, Structural Petrology of Deformed Rocks. 
Addison-Wesley Publishing Co., Cambridge, page 344). If the A2 axis reading is 
read from the left arm, “L” is marked in the chart. Otherwise, “R” is marked. 
During measurement, the c-axis of a quartz grain is rotated to be either horizontal 
or vertical. If it is horizontal, “H” is recorded. Otherwise, “V” is recorded. α  and 
β  are used to describe the c-axis with respect to the S-foliation and the lineation. α  
is the angle between the c-axis and the plane normal to the lineation. β  is the angle 
between the c-axis the thin section. Sample thin sections were all cut to be parallel to 
the lineation and perpendicular to the foliation.  
Sample: M1 
Grain No. A1 reading L/R arm A2 reading H/V α  β  
1 34 L 22 H 326 22
2 287 L 17 H 73 17 
3 287 L 11 H 73 11 
4 280 L 34 H 80 34 
5 6 L 13 H 354 13 
6 26 L 8 H 334 8 
7 324 L 18 H 36 18 
8 300 R 24 H 240 24 
9 343 L 9 H 17 9 
10 282 L 8 H 78 8 
11 302 R 37 H 238 37 
12 319 L 33 V 221 57 
13 310 L 31 V 230 59 
14 324 L 30 V 216 60 
15 287 R 23 H 253 23 
16 18 L 15 V 162 75 
17 278 L 9 H 82 9 
18 312 L 33 V 228 57 
19 284 L 13 H 76 13 
20 287 R 18 H 253 18 
21 282 L 7 H 78 7 
22 287 L 17 H 73 17 
23 301 R 28 H 239 28 
24 302 R 43 H 238 43 
25 292 R 29 H 248 29 
26 287 L 35 H 73 35 
27 291 R 45 H 249 45 
28 319 R 6 H 221 6 
29 303 L 35 H 57 35 
30 313 L 37 H 47 37 
31 284 L 36 H 76 36 
32 283 L 32 H 77 32 
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33 307 L 26 H 53 26 
34 282 L 24 H 78 24 
35 21 R 7 H 159 7 
36 23 L 8 H 337 8 
37 314 R 33 H 226 33 
38 303 R 29 H 237 29 
39 290 R 30 H 250 30 
40 301 R 40 H 239 40 
41 307 R 35 H 233 35 
42 306 L 27 V 234 63 
43 288 R 28 H 252 28 
44 291 R 35 H 249 35 
45 296 L 28 V 244 62 
46 21 L 3 H 339 3 
47 285 R 13 H 255 13 
48 295 R 34 H 245 34 
49 320 R 33 H 220 33 
50 290 R 28 H 250 28 
51 285 R 24 H 255 24 
52 285 L 14 H 75 14 
53 282 R 20 H 258 20 
54 287 L 10 V 253 80 
55 280 L 32 V 260 58 
56 286 L 12 V 254 78 
57 313 L 33 V 227 57 
58 279 R 20 H 261 20 
59 286 R 26 H 254 26 
60 280 L 12 V 260 78 
61 274 L 12 H 86 12 
62 282 R 24 H 258 24 
63 277 R 30 H 263 30 
64 272 R 23 V 88 67 
65 280 L 31 H 80 31 
66 272 R 20 V 88 70 
67 303 R 22 H 237 22 
68 327 L 3 V 213 87 
69 294 R 26 V 66 64 
70 281 L 24 V 259 66 
71 285 L 32 V 255 58 
72 305 R 18 H 235 18 
73 343 R 33 H 197 33 
74 320 L 18 V 220 72 
75 275 L 36 H 85 36 
76 291 L 0 H 69 0 
77 287 L 32 H 73 32 
78 280 L 32 H 80 32 
79 294 L 7 H 66 7 
80 290 R 9 H 250 9 
81 286 L 26 H 74 26 
82 296 R 23 H 244 23 
83 294 R 32 V 66 58 
84 311 L 23 H 49 23 
85 292 R 10 V 68 80 
86 322 R 42 V 38 48 
87 294 L 8 H 66 8 
88 290 R 23 H 250 23 
89 299 L 11 H 61 11 
285 
 
90 303 L 13 H 57 13 
91 297 L 6 H 63 6 
92 301 L 17 H 59 17 
93 282 L 13 H 78 13 
94 315 L 24 H 45 24 
95 280 L 26 V 260 64 
96 287 L 20 H 73 20 
97 301 L 24 H 59 24 
98 302 L 20 H 58 20 
99 297 L 27 V 243 63 
100 300 L 27 H 60 27 
101 297 L 33 H 63 33 
102 282 R 13 H 258 13 
103 296 L 33 H 64 33 
104 288 L 34 H 72 34 
105 307 L 10 H 53 10 
106 287 R 30 H 253 30 
107 310 R 28 H 230 28 
108 296 R 13 H 244 13 
109 303 L 17 H 57 17 
110 294 R 9 H 246 9 
111 343 R 10 H 197 10 
112 308 L 27 H 52 27 
113 240 R 21 H 300 21 
114 341 R 11 H 199 11 
115 344 R 19 V 16 71 
116 302 R 26 V 58 64 
117 296 R 36 V 64 54 
118 280 R 32 V 80 58 
119 298 L 18 H 62 18 
120 304 L 16 H 56 16 
121 298 L 22 H 62 22 
122 308 R 8 H 232 8 
123 282 L 24 H 78 24 
124 281 R 23 H 259 23 
125 290 L 32 H 70 32 
126 278 R 14 H 262 14 
127 293 R 24 H 247 24 
128 275 R 29 H 265 29 
129 292 R 17 H 248 17 
130 288 R 17 H 252 17 
131 297 R 18 H 243 18 
132 307 R 19 H 233 19 
133 288 L 22 H 72 22 
134 282 R 30 H 258 30 
135 284 R 28 H 256 28 
136 278 R 15 H 262 15 
137 298 R 28 H 242 28 
138 281 R 15 H 259 15 
139 277 R 17 H 263 17 
140 290 L 19 H 70 19 
141 328 L 27 H 32 27 
142 290 R 13 H 250 13 
143 337 R 38 V 23 52 
144 272 L 34 H 88 34 
145 320 R 18 H 220 18 
146 290 L 27 H 70 27 
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147 282 R 30 H 258 30 
148 292 R 25 H 248 25 
149 297 R 25 H 243 25 
150 290 L 1 H 70 1 
 
 
Sample: M2 
Grain No. A1 reading L/R arm A2 reading H/V α  β  
1 184 R 33 V 176 57
2 196 R 36 V 164 54 
3 227 L 41 V 313 49 
4 232 R 42 H 308 42 
5 215 R 32 H 325 32 
6 229 R 0 H 311 0 
7 172 L 29 V 8 61 
8 247 R 0 H 293 0 
9 230 R 10 H 310 10 
10 232 R 3 V 128 87 
11 164 L 12 H 196 12 
12 187 L 27 H 173 27 
13 167 L 41 H 193 41 
14 182 R 8 H 358 8 
15 182 R 10 H 358 10 
16 171 L 13 H 189 13 
17 193 R 12 H 347 12 
18 179 L 17 H 181 17 
19 173 R 37 H 7 37 
20 191 L 24 V 349 66 
21 238 R 29 H 302 29 
22 229 R 27 H 311 27 
23 138 L 37 V 42 53 
24 246 R 46 H 294 46 
25 175 L 47 H 185 47 
26 190 L 21 H 170 21 
27 154 R 27 H 26 27 
28 204 L 17 H 156 17 
29 0 L 0 V 180 90 
30 176 R 37 H 4 37 
31 174 R 10 H 6 10 
32 164 R 42 H 16 42 
33 168 R 18 V 192 72 
34 157 L 10 H 203 10 
35 106 L 32 H 254 32 
36 178 R 18 V 182 72 
37 150 L 27 H 210 27 
38 157 L 25 V 23 65 
39 125 R 18 V 235 72 
40 164 R 43 V 196 47 
41 170 R 2 V 190 88 
42 159 R 46 V 201 44 
43 158 L 18 H 202 18 
44 183 L 41 V 357 49 
45 147 L 42 H 213 42 
46 168 R 28 H 12 28 
47 189 L 40 V 351 50 
48 192 L 24 V 348 66 
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49 169 L 42 V 11 48 
50 162 R 27 H 18 27 
51 238 L 12 V 302 78 
52 148 R 25 H 32 25 
53 192 L 8 V 348 82 
54 186 L 25 V 354 65 
55 107 L 36 H 253 36 
56 107 R 23 V 253 67 
57 192 R 43 H 348 43 
58 166 L 33 V 14 57 
59 147 R 35 V 213 55 
60 108 R 26 V 252 64 
61 255 L 38 V 285 52 
62 178 R 34 V 182 56 
63 157 R 30 H 23 30 
64 183 L 12 V 357 78 
65 180 R 32 H 360 32 
66 177 L 17 V 3 73 
67 193 L 35 V 347 55 
68 201 R 23 V 159 67 
69 216 R 21 H 324 21 
70 220 L 12 V 320 78 
71 90 R 26 V 270 64 
72 271 L 23 V 269 67 
73 196 R 32 H 344 32 
74 200 R 32 H 340 32 
75 170 R 41 V 190 49 
76 170 R 32 H 10 32 
77 206 L 34 V 334 56 
78 177 L 34 H 183 34 
79 195 R 34 V 165 56 
80 198 R 33 V 162 57 
81 149 R 20 H 31 20 
82 180 R 22 V 180 68 
83 180 R 12 H 360 12 
84 184 R 5 H 356 5 
85 244 R 28 V 116 62 
86 227 R 36 V 133 54 
87 172 R 43 V 188 47 
88 206 R 38 V 154 52 
89 167 R 37 V 193 53 
90 153 L 4 V 27 86 
91 203 L 33 H 157 33 
92 194 R 17 H 346 17 
93 162 R 19 H 18 19 
94 127 L 32 H 233 32 
95 158 R 23 H 22 23 
96 167 R 31 V 193 59 
97 266 R 42 H 274 42 
98 210 L 31 H 150 31 
99 206 L 33 H 154 33 
100 178 R 32 V 182 58 
101 178 R 7 V 182 83 
102 157 R 47 V 203 43 
103 158 R 40 V 202 50 
104 201 R 27 V 159 63 
105 200 R 44 H 340 44 
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106 179 L 12 V 1 78 
107 196 R 35 H 344 35 
108 156 R 31 H 24 31 
109 127 R 40 H 53 40 
110 178 R 27 V 182 63 
111 170 L 20 H 190 20 
112 185 L 14 V 355 76 
113 168 L 21 H 192 21 
114 173 R 27 H 7 27 
115 181 L 24 V 359 66 
116 184 R 29 H 356 29 
117 191 R 25 V 169 65 
118 203 R 41 V 157 49 
119 169 R 20 H 11 20 
120 182 R 18 V 178 72 
121 168 L 23 H 192 23 
122 187 R 27 H 353 27 
123 193 R 15 V 167 75 
124 153 R 13 H 27 13 
125 146 R 37 V 214 53 
126 190 L 18 V 350 72 
127 190 L 31 H 170 31 
128 184 L 43 H 176 43 
129 219 R 24 V 141 66 
130 235 L 13 H 125 13 
131 180 R 9 V 180 81 
132 170 R 18 V 190 72 
133 242 R 40 V 118 50 
134 210 R 27 H 330 27 
135 133 R 41 V 227 49 
136 177 R 10 V 183 80 
137 148 L 1 V 32 89 
138 129 R 3 V 231 87 
139 177 L 24 V 3 66 
140 185 R 13 V 175 77 
141 181 L 10 V 359 80 
142 130 R 38 H 50 38 
143 167 L 10 V 13 80 
144 160 R 17 V 200 73 
145 143 L 13 H 217 13 
146 181 L 8 V 359 82 
147 193 R 25 V 167 65 
148 178 R 18 V 182 72 
149 182 R 37 H 358 37 
150 168 L 20 V 12 70 
151 184 R 30 V 176 60 
152 109 R 22 V 251 68 
153 207 L 34 V 333 56 
154 193 L 13 V 347 77 
155 140 L 27 H 220 27 
156 206 L 37 H 154 37 
157 144 R 27 V 216 63 
158 247 R 1 H 293 1 
159 158 L 35 V 22 55 
160 157 R 23 V 203 67 
161 173 L 40 V 7 50 
162 163 L 39 H 197 39 
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163 176 R 43 V 184 47 
164 205 L 10 V 335 80 
165 152 L 37 V 28 53 
166 187 L 10 V 353 80 
167 200 L 5 V 340 85 
168 183 L 30 V 357 60 
169 147 R 41 H 33 41 
170 199 R 35 H 341 35 
171 168 L 38 V 12 52 
172 260 R 35 H 280 35 
173 164 L 15 V 16 75 
174 191 L 10 V 349 80 
175 192 R 24 V 168 66 
176 163 R 23 V 197 67 
177 167 R 7 H 13 7 
178 146 R 24 H 34 24 
179 162 R 24 V 198 66 
180 193 R 43 H 347 43 
181 128 R 44 V 232 46 
182 177 L 31 V 3 59 
183 172 R 26 H 8 26 
184 181 R 40 H 359 40 
185 164 R 29 H 16 29 
186 168 R 27 H 12 27 
187 172 R 32 H 8 32 
188 167 R 39 H 13 39 
189 175 R 12 H 5 12 
190 176 L 20 H 184 20 
191 107 L 32 H 253 32 
192 138 L 10 H 222 10 
193 176 R 23 V 184 67 
194 200 R 23 V 160 67 
195 162 R 37 V 198 53 
196 137 R 28 H 43 28 
197 121 R 35 H 59 35 
198 144 L 35 V 36 55 
199 110 R 40 V 250 50 
200 171 R 41 H 9 41 
201 170 R 36 V 190 54 
202 138 R 37 H 42 37 
203 162 R 35 V 198 55 
204 194 L 36 V 346 54 
205 232 L 35 V 308 55 
206 160 R 35 H 20 35 
207 198 R 33 V 162 57 
208 170 L 37 V 10 53 
209 157 R 23 H 23 23 
210 198 R 17 H 342 17 
       
       
 
Sample: M3 
Grain No. A1 reading L/R arm A2 reading H/V α  β  
1 53 R 26 H 127 26
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2 55 R 27 H 125 27 
3 27 L 35 V 153 55 
4 33 R 27 H 147 27 
5 44 R 38 H 136 38 
6 42 R 0 H 138 0 
7 326 L 25 V 214 65 
8 51 R 17 H 129 17 
9 35 R 16 H 145 16 
10 14 R 18 H 166 18 
11 12 R 22 H 168 22 
12 339 R 24 H 201 24 
13 348 L 32 H 12 32 
14 327 R 47 H 213 47 
15 333 L 8 V 207 82 
16 340 L 12 H 20 12 
17 28 R 32 H 152 32 
18 21 R 30 H 159 30 
19 37 R 42 H 143 42 
20 22 R 32 H 158 32 
21 32 L 26 V 148 64 
22 37 L 28 V 143 62 
23 5 R 20 H 175 20 
24 340 R 29 H 200 29 
25 30 R 20 H 150 20 
26 8 R 21 H 172 21 
27 20 L 15 H 340 15 
28 316 R 9 H 224 9 
29 354 R 34 H 186 34 
30 17 R 22 H 163 22 
31 343 R 18 H 197 18 
32 312 L 37 H 48 37 
33 38 R 28 H 142 28 
34 31 R 24 H 149 24 
35 343 R 28 H 197 28 
36 348 R 29 H 192 29 
37 327 L 13 H 33 13 
38 357 R 35 H 183 35 
39 353 L 17 H 7 17 
40 38 R 17 H 142 17 
41 35 L 14 H 325 14 
42 41 R 6 H 139 6 
43 65 L 28 V 115 62 
44 45 L 30 V 135 60 
45 6 R 18 H 174 18 
46 18 R 12 H 162 12 
47 310 R 20 H 230 20 
48 355 R 30 H 185 30 
49 335 R 22 H 205 22 
50 31 L 32 H 329 32 
51 8 L 47 V 172 43 
52 332 R 5 H 208 5 
53 347 R 38 V 13 52 
54 28 L 37 H 332 37 
55 60 L 33 H 300 33 
56 13 L 41 V 167 49 
57 357 L 23 V 183 67 
58 34 L 31 V 146 59 
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59 355 R 32 H 185 32 
60 23 L 8 H 337 8 
61 356 R 32 H 184 32 
62 15 L 43 H 345 43 
63 317 L 7 H 43 7 
64 7 R 34 H 173 34 
65 22 L 18 H 338 18 
66 353 L 32 H 7 32 
67 325 R 25 H 215 25 
68 353 R 30 H 187 30 
69 27 R 11 H 153 11 
70 43 L 21 H 317 21 
71 342 L 41 H 18 41 
72 336 L 36 V 204 54 
73 345 L 25 H 15 25 
74 327 R 22 H 213 22 
75 336 L 6 H 24 6 
76 56 L 35 V 124 55 
77 39 R 33 H 141 33 
78 36 R 28 H 144 28 
79 25 R 34 H 155 34 
80 18 R 39 V 342 51 
81 18 L 14 H 342 14 
82 13 L 20 H 347 20 
83 43 R 31 H 137 31 
84 22 R 32 V 338 58 
85 20 L 35 V 160 55 
86 330 R 44 V 30 46 
87 39 L 34 V 141 56 
88 32 R 10 V 328 80 
89 24 L 26 H 336 26 
90 36 R 13 H 144 13 
91 5 R 34 H 175 34 
92 31 L 38 V 149 52 
93 17 L 47 V 163 43 
94 346 L 41 V 194 49 
95 23 R 35 H 157 35 
96 324 R 44 V 36 46 
97 15 R 20 H 165 20 
98 37 L 29 V 143 61 
99 22 R 22 H 158 22 
100 47 L 38 V 133 52 
101 22 R 3 H 158 3 
102 350 R 12 H 190 12 
103 17 R 13 V 343 77 
104 31 R 37 H 149 37 
105 13 R 25 H 167 25 
106 24 R 29 H 156 29 
107 27 L 11 V 153 79 
108 35 R 17 H 145 17 
109 61 L 12 H 299 12 
110 35 R 12 H 145 12 
111 327 R 17 H 213 17 
112 47 R 25 H 133 25 
113 16 R 17 H 164 17 
114 18 R 19 H 162 19 
115 24 L 15 H 336 15 
292 
 
116 34 R 17 H 146 17 
117 23 R 35 H 157 35 
118 27 R 21 H 153 21 
119 23 R 33 H 157 33 
120 33 L 35 V 147 55 
121 29 R 17 H 151 17 
122 28 R 30 H 152 30 
123 0 R 0 V 720 90 
124 31 L 20 V 149 70 
125 349 R 11 V 11 79 
126 20 R 8 H 160 8 
127 37 R 27 H 143 27 
128 14 R 21 H 166 21 
129 304 L 24 H 56 24 
130 31 L 8 H 329 8 
131 15 L 36 V 165 54 
132 237 L 28 H 123 28 
133 34 L 33 V 146 57 
134 27 L 33 V 153 57 
135 27 R 17 H 153 17 
136 58 R 15 H 122 15 
137 18 L 23 V 162 67 
138 11 R 38 H 169 38 
139 353 R 17 V 7 73 
140 7 R 33 H 173 33 
141 13 R 31 H 167 31 
142 12 R 30 H 168 30 
143 0 R 17 V 720 73 
144 342 R 30 V 18 60 
145 18 L 38 V 162 52 
146 11 R 42 V 349 48 
147 16 L 30 V 164 60 
148 27 L 30 V 153 60 
149 31 R 40 H 149 40 
150 17 L 17 V 163 73 
151 297 L 23 H 63 23 
152 319 L 38 V 221 52 
153 358 L 23 V 182 67 
154 323 L 22 H 37 22 
155 33 L 36 V 147 54 
156 356 L 26 H 4 26 
157 109 L 9 H 251 9 
158 9 L 8 H 351 8 
159 23 L 8 H 337 8 
160 265 R 18 H 275 18 
161 273 L 18 H 87 18 
162 185 R 20 H 355 20 
163 167 L 18 H 193 18 
164 148 L 22 H 212 22 
165 267 L 35 H 93 35 
166 259 R 18 H 281 18 
167 10 L 9 H 350 9 
168 178 R 25 V 182 65 
169 318 L 34 H 42 34 
170 113 R 21 H 67 21 
171 28 R 16 H 152 16 
172 163 R 15 H 17 15 
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173 160 L 29 H 200 29 
174 344 R 28 H 196 28 
175 47 L 29 H 313 29 
176 21 R 11 H 159 11 
177 28 R 21 H 152 21 
178 22 R 26 H 158 26 
179 289 L 9 H 71 9 
180 334 R 23 H 206 23 
 
Sample: M4 
Grain No. A1 reading L/R arm A2 reading H/V α  β  
1 32 R 26 H 148 26
2 302 R 25 V 58 65 
3 287 R 17 V 73 73 
4 32 R 32 H 148 32 
5 308 R 28 V 52 62 
6 305 R 26 V 55 64 
7 21 L 22 H 339 22 
8 34 R 18 H 146 18 
9 345 R 28 V 15 62 
10 339 R 24 V 21 66 
11 40 L 31 V 140 59 
12 35 L 29 H 325 29 
13 351 L 37 H 9 37 
14 333 L 32 H 27 32 
15 321 R 37 V 39 53 
16 309 R 5 H 231 5 
17 68 L 32 V 112 58 
18 357 L 27 H 3 27 
19 28 R 22 H 152 22 
20 19 L 13 H 341 13 
21 323 R 19 V 37 71 
22 293 R 30 V 67 60 
23 31 R 26 H 149 26 
24 291 R 15 H 249 15 
25 294 R 30 V 66 60 
26 8 R 26 H 172 26 
27 35 R 25 H 145 25 
28 333 R 27 V 27 63 
29 44 L 27 V 136 63 
30 332 R 26 V 28 64 
31 336 R 33 V 24 57 
32 352 R 30 V 8 60 
33 8 L 22 H 352 22 
34 37 R 18 H 143 18 
35 36 R 28 H 144 28 
36 60 R 25 H 120 25 
37 53 R 12 H 127 12 
38 23 L 24 H 337 24 
39 322 R 30 V 38 60 
40 23 R 26 H 157 26 
41 327 R 35 V 33 55 
42 314 R 37 V 46 53 
43 27 R 30 H 153 30 
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44 15 R 30 H 165 30 
45 7 L 20 H 353 20 
46 34 L 20 H 326 20 
47 28 R 29 H 152 29 
48 291 L 25 H 69 25 
49 28 R 26 H 152 26 
50 7 R 37 V 353 53 
51 346 R 30 H 194 30 
52 19 R 31 H 161 31 
53 310 R 27 V 50 63 
54 300 L 34 H 60 34 
55 31 R 24 H 149 24 
56 346 R 31 V 14 59 
57 25 R 27 H 155 27 
58 56 L 45 H 304 45 
59 37 R 28 H 143 28 
60 86 L 27 V 94 63 
61 340 L 17 H 20 17 
62 38 R 26 H 142 26 
63 356 L 34 H 4 34 
64 24 R 18 H 156 18 
65 337 L 24 H 23 24 
66 12 L 31 H 348 31 
67 13 L 31 H 347 31 
68 60 L 24 V 120 66 
69 17 R 21 H 163 21 
70 1 L 25 H 359 25 
71 353 L 12 H 7 12 
72 354 L 27 H 6 27 
73 341 R 45 H 199 45 
74 344 L 4 H 16 4 
75 281 R 20 V 79 70 
76 317 R 35 H 223 35 
77 345 R 39 H 195 39 
78 32 R 30 H 148 30 
79 358 L 27 H 2 27 
80 21 R 13 H 159 13 
81 331 L 33 H 29 33 
82 21 L 17 H 339 17 
83 16 L 40 H 344 40 
84 22 L 33 H 338 33 
85 6 R 34 V 354 56 
86 356 R 32 V 4 58 
87 7 L 12 H 353 12 
88 315 L 27 H 45 27 
89 359 R 25 H 181 25 
90 39 R 33 H 141 33 
91 311 R 24 H 229 24 
92 346 R 32 V 14 58 
93 326 R 28 V 34 62 
94 338 R 16 V 22 74 
95 43 L 32 V 137 58 
96 81 L 23 V 99 67 
97 336 R 37 V 24 53 
98 348 R 37 V 12 53 
99 27 R 29 H 153 29 
100 330 R 25 V 30 65 
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101 344 R 38 H 196 38 
102 276 R 25 V 84 65 
103 328 R 36 V 32 54 
104 34 R 19 H 146 19 
105 286 R 20 H 254 20 
106 19 L 26 H 341 26 
107 36 R 30 H 144 30 
108 54 R 12 H 126 12 
109 317 R 24 V 43 66 
110 24 R 22 H 156 22 
111 353 R 41 V 7 49 
112 300 R 35 V 60 55 
113 23 R 23 H 157 23 
114 30 L 27 V 150 63 
115 6 L 23 H 354 23 
116 30 L 45 H 330 45 
117 30 R 17 H 150 17 
118 332 R 41 V 28 49 
119 44 R 37 H 136 37 
120 336 R 40 V 24 50 
       
       
 
Sample: M5 
Grain No. A1 reading L/R arm A2 reading H/V α  β  
1 346 R 37 V 284 53
2 334 L 34 H 296 34 
3 24 R 25 H 66 25 
4 37 L 32 H 233 32 
5 353 L 11 H 277 11 
6 29 L 20 V 61 70 
7 352 R 31 V 278 59 
8 33 R 36 V 237 54 
9 334 R 40 V 296 50 
10 3 R 22 V 267 68 
11 342 R 37 V 288 53 
12 337 L 15 H 293 15 
13 335 R 34 H 115 34 
14 336 R 17 H 114 17 
15 29 R 33 H 61 33 
16 28 L 27 V 62 63 
17 337 L 27 V 113 63 
18 4 R 4 H 86 4 
19 351 L 16 V 99 74 
20 43 L 29 V 47 61 
21 336 L 24 H 294 24 
22 348 L 24 H 282 24 
23 22 R 30 V 248 60 
24 347 R 33 H 103 33 
25 23 R 21 V 247 69 
26 33 R 16 H 57 16 
27 17 R 17 H 73 17 
28 17 L 12 V 73 78 
29 18 L 36 V 72 54 
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30 357 L 35 V 93 55 
31 25 R 25 H 65 25 
32 23 R 30 H 67 30 
33 346 L 27 H 284 27 
34 342 R 34 V 288 56 
35 343 R 33 V 287 57 
36 353 R 30 V 277 60 
37 344 R 8 H 106 8 
38 347 R 34 V 283 56 
39 333 R 30 V 297 60 
40 7 R 34 V 263 56 
41 343 L 32 V 107 58 
42 338 R 30 V 292 60 
43 13 R 30 H 77 30 
44 335 R 12 H 115 12 
45 341 L 15 H 289 15 
46 333 L 29 H 297 29 
47 337 R 34 H 113 34 
48 28 R 21 H 62 21 
49 345 R 11 H 105 11 
50 23 L 18 H 247 18 
51 337 L 8 H 293 8 
52 21 R 19 V 249 71 
53 344 L 24 H 286 24 
54 14 L 25 V 76 65 
55 356 L 27 V 94 63 
56 336 R 17 H 114 17 
57 343 R 17 H 107 17 
58 17 L 34 V 73 56 
59 337 R 24 H 113 24 
60 347 R 29 V 283 61 
61 352 R 36 V 278 54 
62 349 R 23 V 281 67 
63 55 L 33 V 35 57 
64 11 L 46 V 79 44 
65 24 R 21 H 66 21 
66 333 R 14 H 117 14 
67 20 R 24 V 250 66 
68 25 L 17 H 245 17 
69 47 R 19 V 223 71 
70 332 R 37 H 118 37 
71 331 R 25 H 119 25 
72 291 L 20 H 339 20 
73 346 R 29 V 284 61 
74 354 R 26 V 276 64 
75 350 R 17 H 100 17 
76 347 R 36 V 283 54 
77 37 L 27 V 53 63 
78 13 R 13 H 77 13 
79 19 L 30 V 71 60 
80 10 L 26 H 260 26 
81 23 L 11 H 247 11 
82 337 L 23 H 293 23 
83 340 L 20 H 290 20 
84 32 R 22 H 58 22 
85 10 L 38 H 260 38 
86 44 R 20 V 226 70 
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87 355 L 35 H 275 35 
88 3 R 27 V 267 63 
89 328 R 26 V 302 64 
90 28 R 30 V 242 60 
91 25 R 17 V 245 73 
92 10 R 28 V 260 62 
93 20 R 27 V 250 63 
94 349 L 30 V 101 60 
95 351 L 16 H 279 16 
96 336 R 30 V 294 60 
97 315 R 29 V 315 61 
98 7 R 21 V 263 69 
99 353 L 23 H 277 23 
100 31 R 30 V 239 60 
101 342 L 25 H 288 25 
102 19 L 26 V 71 64 
103 357 L 25 V 93 65 
104 333 L 23 H 297 23 
105 36 R 21 H 54 21 
106 26 L 30 V 64 60 
107 30 R 34 H 60 34 
108 18 L 27 V 72 63 
109 348 L 20 V 102 70 
110 22 L 21 V 68 69 
111 346 R 34 V 284 56 
112 342 R 24 V 288 66 
113 359 R 43 V 271 47 
114 355 L 23 H 275 23 
115 22 L 43 H 248 43 
116 23 R 30 H 67 30 
117 30 R 13 V 240 77 
118 333 L 7 H 297 7 
119 357 R 33 H 93 33 
120 1 L 27 V 89 63 
121 333 R 21 H 117 21 
122 23 R 22 V 247 68 
123 335 L 18 V 115 72 
124 348 L 17 V 102 73 
125 12 L 25 H 258 25 
126 343 R 12 V 287 78 
127 329 L 18 H 301 18 
128 34 R 20 H 56 20 
129 336 R 15 H 114 15 
130 353 R 19 V 277 71 
131 32 R 27 V 238 63 
132 346 L 10 H 284 10 
133 343 L 9 H 287 9 
134 331 R 20 H 119 20 
135 347 L 22 V 103 68 
136 33 L 35 V 57 55 
137 19 R 38 V 251 52 
138 344 L 13 H 286 13 
139 349 L 16 H 281 16 
140 29 L 28 V 61 62 
141 342 R 24 H 108 24 
142 353 L 39 V 97 51 
143 336 R 23 H 114 23 
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144 24 L 38 V 66 52 
145 13 L 40 V 77 50 
146 349 R 30 H 101 30 
147 352 L 23 V 98 67 
148 20 R 24 H 70 24 
149 348 L 21 V 102 69 
150 355 L 39 V 95 51 
 
 
Sample: M6 
Grain No. A1 reading L/R arm A2 reading H/V α  β  
1 328 R 30 H 212 30
2 318 R 23 H 222 23 
3 348 R 25 H 192 25 
4 46 L 43 H 314 43 
5 324 L 33 H 36 33 
6 358 L 14 H 2 14 
7 355 R 23 H 185 23 
8 22 L 16 H 338 16 
9 332 L 31 H 28 31 
10 342 R 46 V 18 44 
11 4 R 16 H 176 16 
12 357 R 33 H 183 33 
13 322 R 10 H 218 10 
14 318 R 12 V 42 78 
15 296 R 27 H 244 27 
16 349 R 18 V 11 72 
17 20 R 8 H 160 8 
18 0 R 0 V 720 90 
19 345 R 17 V 15 73 
20 1 R 21 H 179 21 
21 29 R 37 H 151 37 
22 25 R 19 H 155 19 
23 10 L 21 H 350 21 
24 24 R 14 H 156 14 
25 347 L 37 V 193 53 
26 340 R 9 H 200 9 
27 6 R 26 H 174 26 
28 34 L 43 V 146 47 
29 336 R 39 V 24 51 
30 344 R 47 H 196 47 
31 21 R 39 V 339 51 
32 31 R 39 H 149 39 
33 322 R 13 H 218 13 
34 26 R 18 H 154 18 
35 18 L 14 H 342 14 
36 318 R 21 H 222 21 
37 44 L 23 H 316 23 
38 27 R 14 H 153 14 
39 20 L 33 H 340 33 
40 12 R 36 H 168 36 
41 17 R 27 H 163 27 
42 1 L 5 V 179 85 
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43 50 L 21 V 130 69 
44 27 R 8 V 333 82 
45 7 R 45 H 173 45 
46 339 R 17 H 201 17 
47 340 L 17 H 20 17 
48 334 R 17 H 206 17 
49 23 L 42 V 157 48 
50 17 R 25 V 343 65 
51 27 R 19 H 153 19 
52 20 L 37 V 160 53 
53 22 L 17 V 158 73 
54 336 R 17 H 204 17 
55 333 L 20 H 27 20 
56 25 R 35 H 155 35 
57 13 R 27 H 167 27 
58 358 L 37 V 182 53 
59 12 R 35 H 168 35 
60 334 L 34 H 26 34 
61 19 R 35 H 161 35 
62 11 R 23 H 169 23 
63 336 L 22 V 204 68 
64 9 L 45 V 171 45 
65 352 R 32 H 188 32 
66 351 L 15 H 9 15 
67 16 R 12 H 164 12 
68 28 R 0 H 152 0 
69 348 L 28 H 12 28 
70 30 R 16 H 150 16 
71 28 R 15 H 152 15 
72 47 L 1 H 313 1 
73 359 L 36 V 181 54 
74 348 L 5 V 192 85 
75 30 R 15 H 150 15 
76 340 L 33 H 20 33 
77 338 R 23 H 202 23 
78 336 R 22 H 204 22 
79 324 R 27 H 216 27 
80 342 R 32 H 198 32 
81 321 R 33 V 39 57 
82 8 R 19 H 172 19 
83 344 L 32 H 16 32 
84 328 R 20 H 212 20 
85 32 R 39 H 148 39 
86 32 R 18 H 148 18 
87 21 L 45 H 339 45 
88 16 L 43 H 344 43 
89 11 R 31 H 169 31 
90 23 L 27 H 337 27 
91 2 L 29 H 358 29 
92 356 L 16 H 4 16 
93 322 R 15 H 218 15 
94 359 R 38 H 181 38 
95 1 L 26 H 359 26 
96 21 R 39 H 159 39 
97 23 L 39 V 157 51 
98 337 R 28 H 203 28 
99 347 L 20 V 193 70 
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100 23 R 44 H 157 44 
101 359 L 33 V 181 57 
102 0 L 48 V 180 42 
103 346 R 37 H 194 37 
104 347 L 15 V 193 75 
105 352 L 18 H 8 18 
106 343 R 25 H 197 25 
107 0 L 25 V 180 65 
108 17 L 27 V 163 63 
109 7 L 16 V 173 74 
110 349 L 31 V 191 59 
111 348 L 35 V 192 55 
112 55 L 17 V 125 73 
113 11 R 37 H 169 37 
114 37 R 35 V 323 55 
115 331 R 23 H 209 23 
116 340 L 27 V 200 63 
117 328 R 34 H 212 34 
118 356 L 23 H 4 23 
119 323 L 37 H 37 37 
120 354 R 17 H 186 17 
121 335 R 50 V 25 40 
122 355 R 24 H 185 24 
123 353 R 18 H 187 18 
124 300 L 18 V 240 72 
125 31 L 20 V 149 70 
126 356 L 21 H 4 21 
127 20 L 9 H 340 9 
128 318 L 17 H 42 17 
129 357 L 14 V 183 76 
130 14 L 37 V 166 53 
131 338 L 24 H 22 24 
132 348 L 37 H 12 37 
133 42 R 40 H 138 40 
134 342 R 14 H 198 14 
135 11 R 8 H 169 8 
136 8 L 29 V 172 61 
137 321 R 9 H 219 9 
138 358 L 17 H 2 17 
139 331 R 31 H 209 31 
140 309 L 30 V 231 60 
141 322 L 17 H 38 17 
142 0 L 0 V 180 90 
143 321 R 21 H 219 21 
144 13 R 22 H 167 22 
145 335 L 37 H 25 37 
146 32 L 33 H 328 33 
147 13 R 13 H 167 13 
148 1 R 36 H 179 36 
149 15 L 39 V 165 51 
150 13 L 38 V 167 52 
151 356 L 35 V 184 55 
152 2 R 24 H 178 24 
153 13 L 30 H 347 30 
154 24 R 26 H 156 26 
155 340 L 45 V 200 45 
156 346 R 35 V 14 55 
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157 26 L 29 V 154 61 
158 28 L 39 H 332 39 
159 28 L 15 H 332 15 
160 0 L 6 V 180 84 
161 22 L 24 H 338 24 
162 347 R 33 H 193 33 
163 316 R 38 H 224 38 
164 334 R 13 H 206 13 
165 7 R 30 H 173 30 
166 352 R 23 H 188 23 
167 6 L 40 H 354 40 
168 9 L 34 H 351 34 
169 341 L 41 V 199 49 
170 19 L 46 V 161 44 
171 345 L 35 H 15 35 
172 50 R 15 H 130 15 
173 13 L 26 H 347 26 
174 2 L 23 V 178 67 
175 348 R 46 V 12 44 
176 7 L 30 H 353 30 
177 353 L 10 H 7 10 
178 324 R 40 H 216 40 
179 13 L 36 V 167 54 
180 22 L 30 V 158 60 
181 343 R 38 V 17 52 
182 6 L 38 V 174 52 
183 348 L 25 H 12 25 
184 350 L 26 H 10 26 
185 0 L 2 V 180 88 
186 25 R 26 V 335 64 
187 335 R 44 V 25 46 
188 357 R 23 V 3 67 
189 6 R 20 H 174 20 
190 13 R 26 H 167 26 
191 330 L 24 H 30 24 
192 353 L 45 H 7 45 
193 4 R 43 V 356 47 
194 11 L 33 V 169 57 
195 13 L 36 V 167 54 
196 357 L 35 V 183 55 
197 12 R 28 V 348 62 
198 338 R 8 H 202 8 
199 13 R 35 H 167 35 
200 347 R 15 H 193 15 
       
       
       
 
Sample: M7 
Grain No. A1 reading L/R arm A2 reading H/V α  β  
1 341 L 34 H 19 34
2 327 R 8 H 213 8 
3 340 R 47 V 20 43 
4 332 L 15 H 28 15 
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5 338 L 35 H 22 35 
6 354 R 19 H 186 19 
7 335 R 13 H 205 13 
8 338 R 12 H 202 12 
9 336 R 10 H 204 10 
10 344 L 11 H 16 11 
11 335 R 12 H 205 12 
12 333 R 12 H 207 12 
13 357 R 8 H 183 8 
14 352 L 8 H 8 8 
15 335 L 20 H 25 20 
16 340 R 47 V 20 43 
17 340 L 28 H 20 28 
18 347 L 14 H 13 14 
19 337 L 28 V 203 62 
20 340 L 14 H 20 14 
21 324 L 4 H 36 4 
22 59 L 11 H 301 11 
23 356 R 29 V 4 61 
24 342 L 33 V 198 57 
25 14 L 29 H 346 29 
26 318 R 40 V 42 50 
27 339 L 16 H 21 16 
28 32 L 28 H 328 28 
29 342 R 38 V 18 52 
30 348 L 29 H 12 29 
31 342 L 20 H 18 20 
32 350 L 5 H 10 5 
33 340 R 12 H 200 12 
34 47 L 23 V 133 67 
35 336 R 11 H 204 11 
36 338 R 35 H 202 35 
37 337 L 7 H 23 7 
38 335 R 40 V 25 50 
39 15 R 41 V 345 49 
40 338 L 7 H 22 7 
41 345 R 24 H 195 24 
42 34 L 25 H 326 25 
43 35 L 36 H 325 36 
44 335 R 45 H 205 45 
45 34 L 27 H 326 27 
46 347 R 46 V 13 44 
47 334 L 19 V 206 71 
48 23 L 8 V 157 82 
49 330 R 25 V 30 65 
50 340 R 18 H 200 18 
51 348 R 17 H 192 17 
52 26 L 25 V 154 65 
53 32 R 35 V 328 55 
54 316 R 37 V 44 53 
55 327 R 26 H 213 26 
56 341 L 10 H 19 10 
57 329 L 26 H 31 26 
58 354 R 38 V 6 52 
59 331 R 42 H 209 42 
60 12 R 26 V 348 64 
61 340 L 10 H 20 10 
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62 335 L 11 H 25 11 
63 342 R 19 H 198 19 
64 348 R 10 H 192 10 
65 357 R 4 H 183 4 
66 336 R 12 H 204 12 
67 348 R 27 H 192 27 
68 340 R 38 H 200 38 
69 6 R 43 V 354 47 
70 347 R 32 V 13 58 
71 37 L 12 H 323 12 
72 45 L 15 H 315 15 
73 342 R 29 H 198 29 
74 337 R 25 H 203 25 
75 340 R 45 V 20 45 
76 319 L 28 V 221 62 
77 315 R 13 H 225 13 
78 32 R 15 H 148 15 
79 336 L 21 H 24 21 
80 322 L 27 H 38 27 
81 13 R 36 V 347 54 
82 340 L 22 H 20 22 
83 338 L 28 H 22 28 
84 347 R 17 H 193 17 
85 335 L 17 H 25 17 
86 22 R 22 H 158 22 
87 339 R 20 H 201 20 
88 9 L 28 H 351 28 
89 352 R 47 V 8 43 
90 347 L 22 H 13 22 
91 348 R 40 H 192 40 
92 350 L 25 V 190 65 
93 330 R 33 V 30 57 
94 352 L 17 H 8 17 
95 348 R 29 H 192 29 
96 357 L 9 H 3 9 
97 344 L 25 H 16 25 
98 13 L 34 V 167 56 
99 337 R 41 V 23 49 
100 9 R 43 V 351 47 
101 340 L 30 H 20 30 
102 338 L 31 H 22 31 
103 336 L 8 H 24 8 
104 353 R 30 V 7 60 
105 344 R 44 V 16 46 
106 33 L 40 H 327 40 
107 33 R 47 V 327 43 
108 50 R 23 H 130 23 
109 33 L 22 H 327 22 
110 337 R 11 H 203 11 
111 18 L 32 H 342 32 
112 40 L 16 H 320 16 
113 18 R 31 V 342 59 
114 348 L 21 H 12 21 
115 328 R 44 V 32 46 
116 12 R 20 H 168 20 
117 336 L 33 H 24 33 
118 13 L 30 H 347 30 
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119 320 L 28 H 40 28 
120 341 R 20 H 199 20 
121 338 L 26 H 22 26 
122 23 L 37 H 337 37 
123 338 L 19 H 22 19 
124 338 R 36 H 202 36 
125 335 R 13 H 205 13 
126 336 R 9 H 204 9 
127 343 L 25 H 17 25 
128 340 R 30 H 200 30 
129 329 L 31 H 31 31 
130 341 L 34 H 19 34 
131 351 L 10 H 9 10 
132 331 R 22 H 209 22 
133 33 L 30 H 327 30 
134 318 R 31 H 222 31 
135 315 R 26 V 45 64 
136 345 L 41 V 195 49 
137 357 L 28 H 3 28 
138 339 L 21 H 21 21 
139 346 L 34 H 14 34 
140 349 L 17 H 11 17 
141 345 L 23 H 15 23 
142 352 L 0 H 8 0 
143 42 L 14 H 318 14 
144 310 L 30 H 50 30 
145 348 L 27 H 12 27 
146 7 L 19 H 353 19 
147 352 R 15 H 188 15 
148 341 L 16 H 19 16 
149 6 L 16 H 354 16 
150 10 R 36 V 350 54 
151 328 L 21 H 32 21 
152 23 R 35 V 337 55 
153 346 R 15 H 194 15 
154 334 R 13 H 206 13 
155 328 R 27 V 32 63 
156 336 R 30 H 204 30 
157 44 L 23 H 316 23 
158 12 R 23 H 168 23 
159 358 R 41 V 2 49 
160 343 R 40 H 197 40 
161 337 L 18 H 23 18 
162 23 R 43 V 337 47 
163 344 L 30 H 16 30 
164 332 R 13 H 208 13 
165 335 L 6 H 25 6 
166 345 R 25 H 195 25 
167 326 R 40 V 34 50 
168 20 L 41 H 340 41 
169 26 L 15 H 334 15 
170 344 L 18 H 16 18 
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Sample: M8 
Grain No. A1 reading L/R arm A2 reading H/V α  β  
1 336 R 17 H 204 17
2 348 R 23 H 192 23 
3 336 R 27 H 204 27 
4 337 L 35 V 203 55 
5 320 R 30 H 220 30 
6 35 R 3 H 145 3 
7 334 R 32 H 206 32 
8 341 R 44 V 19 46 
9 16 R 29 V 344 61 
10 341 L 20 H 19 20 
11 24 R 35 V 336 55 
12 333 R 22 V 27 68 
13 355 R 30 H 185 30 
14 24 R 17 H 156 17 
15 20 L 30 V 160 60 
16 11 L 14 H 349 14 
17 9 R 40 H 171 40 
18 29 L 11 H 331 11 
19 324 R 13 H 216 13 
20 60 L 37 H 300 37 
21 341 R 34 H 199 34 
22 322 R 15 H 218 15 
23 5 L 8 H 355 8 
24 332 R 15 H 208 15 
25 5 L 8 H 355 8 
26 332 R 17 H 208 17 
27 333 R 42 H 207 42 
28 322 L 37 V 218 53 
29 342 R 38 H 198 38 
30 22 L 24 V 158 66 
31 18 R 35 H 162 35 
32 6 L 16 H 354 16 
33 327 L 5 H 33 5 
34 16 L 22 H 344 22 
35 22 R 15 H 158 15 
36 342 L 32 H 18 32 
37 340 L 30 V 200 60 
38 325 L 23 V 215 67 
39 322 L 17 H 38 17 
40 4 R 8 H 176 8 
41 336 R 17 H 204 17 
42 327 L 23 V 213 67 
43 332 R 24 H 208 24 
44 323 L 33 V 217 57 
45 340 L 19 H 20 19 
46 17 R 9 H 163 9 
47 352 L 13 V 188 77 
48 329 L 31 V 211 59 
49 313 R 30 H 227 30 
50 28 L 35 V 152 55 
51 3 R 4 V 357 86 
52 14 R 14 H 166 14 
53 27 R 20 H 153 20 
54 19 R 35 H 161 35 
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55 349 R 38 H 191 38 
56 36 R 13 H 144 13 
57 42 R 14 H 138 14 
58 23 R 30 H 157 30 
59 321 L 36 H 39 36 
60 337 L 12 H 23 12 
61 326 L 27 H 34 27 
62 341 L 31 H 19 31 
63 328 L 27 H 32 27 
64 343 L 37 H 17 37 
65 310 R 10 H 230 10 
66 312 R 12 H 228 12 
67 340 R 17 H 200 17 
68 330 R 9 H 210 9 
69 22 L 33 H 338 33 
70 24 R 26 H 156 26 
71 16 L 15 H 344 15 
72 37 L 17 H 323 17 
73 26 L 28 H 334 28 
74 21 L 29 H 339 29 
75 22 L 22 H 338 22 
76 22 L 17 V 158 73 
77 357 L 40 V 183 50 
78 330 L 33 H 30 33 
79 5 L 35 H 355 35 
80 330 R 42 H 210 42 
81 5 L 35 H 355 35 
82 330 R 42 H 210 42 
83 10 L 35 H 350 35 
84 354 L 46 V 186 44 
85 8 L 16 H 352 16 
86 12 L 22 H 348 22 
87 17 L 17 H 343 17 
88 357 R 23 H 183 23 
89 326 R 14 H 214 14 
90 303 R 15 H 237 15 
91 304 R 10 H 236 10 
92 335 L 35 H 25 35 
93 318 R 43 V 42 47 
94 330 R 5 H 210 5 
95 318 R 12 H 222 12 
96 311 R 47 V 49 43 
97 31 L 38 V 149 52 
98 317 R 21 V 43 69 
99 320 L 27 V 220 63 
100 333 R 32 H 207 32 
101 20 R 20 H 160 20 
102 355 L 43 V 185 47 
103 337 R 37 H 203 37 
104 18 R 11 H 162 11 
105 29 R 7 H 151 7 
106 322 L 47 H 38 47 
107 328 L 43 H 32 43 
108 350 R 32 V 10 58 
109 355 R 38 H 185 38 
110 16 R 27 H 164 27 
111 315 R 21 H 225 21 
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112 323 R 17 H 217 17 
113 3 L 47 H 357 47 
114 323 L 22 V 217 68 
115 280 R 14 H 260 14 
116 345 L 12 H 15 12 
117 321 L 18 V 219 72 
118 34 R 33 V 326 57 
119 21 R 17 H 159 17 
120 28 R 17 H 152 17 
121 32 L 12 H 328 12 
122 359 R 25 H 181 25 
123 330 L 30 V 210 60 
124 346 L 23 H 14 23 
125 338 L 33 H 22 33 
126 347 L 30 V 193 60 
127 350 R 22 H 190 22 
128 356 R 12 V 4 78 
129 342 L 27 H 18 27 
130 10 L 27 H 350 27 
131 45 R 38 V 315 52 
132 19 L 33 H 341 33 
133 345 L 22 V 195 68 
134 17 L 26 H 343 26 
135 23 R 25 V 337 65 
136 4 L 37 V 176 53 
137 342 L 23 V 198 67 
138 11 L 17 H 349 17 
139 351 L 18 H 9 18 
140 0 L 20 V 180 70 
141 14 R 8 H 166 8 
142 8 R 22 H 172 22 
143 352 R 15 V 8 75 
144 312 R 27 V 48 63 
145 314 R 10 H 226 10 
146 334 R 11 H 206 11 
147 68 R 18 H 112 18 
148 23 L 45 V 157 45 
149 28 L 34 V 152 56 
150 353 R 9 H 187 9 
 
 
 
Sample: M9 
Grain No. A1 reading L/R arm A2 reading H/V α  β  
1 20 L 27 V 160 63
2 44 L 41 V 136 49 
3 17 L 40 V 163 50 
4 75 R 22 W 285 68 
5 31 R 12 V 329 78 
6 359 R 10 H 181 10 
7 348 L 28 V 192 62 
8 342 R 17 V 18 73 
9 333 R 17 H 207 17 
10 333 R 34 V 27 56 
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11 20 R 28 H 160 28 
12 12 L 27 V 168 63 
13 43 L 26 V 137 64 
14 28 R 24 H 152 24 
15 37 R 32 H 143 32 
16 316 L 27 V 224 63 
17 30 R 32 V 330 58 
18 326 L 17 H 34 17 
19 357 R 30 V 3 60 
20 60 L 29 V 120 61 
21 20 L 7 V 160 83 
22 344 L 33 H 16 33 
23 31 L 23 H 329 23 
24 344 L 27 H 16 27 
25 16 R 23 V 344 67 
26 35 L 33 H 325 33 
27 34 L 35 H 326 35 
28 43 L 25 V 137 65 
29 358 R 4 V 2 86 
30 28 R 28 H 152 28 
31 310 L 18 H 50 18 
32 43 L 24 H 317 24 
33 28 R 16 H 152 16 
34 45 R 23 H 135 23 
35 22 R 18 H 158 18 
36 343 L 17 H 17 17 
37 355 R 27 V 5 63 
38 52 L 7 H 308 7 
39 26 L 17 H 334 17 
40 13 R 10 H 167 10 
41 22 L 20 V 158 70 
42 20 R 32 V 340 58 
43 35 L 35 H 325 35 
44 345 L 33 V 195 57 
45 44 R 18 H 136 18 
46 37 L 16 H 323 16 
47 2 R 10 V 358 80 
48 353 L 25 V 187 65 
49 46 R 17 H 134 17 
50 28 L 42 H 332 42 
51 32 R 19 H 148 19 
52 3 L 47 V 177 43 
53 4 L 15 V 176 75 
54 27 R 17 H 153 17 
55 46 L 20 H 314 20 
56 2 L 18 V 178 72 
57 359 L 19 H 1 19 
58 359 R 30 H 181 30 
59 17 R 30 H 163 30 
60 339 R 6 V 21 84 
61 38 L 21 H 322 21 
62 335 R 27 H 205 27 
63 12 L 36 V 168 54 
64 39 L 23 H 321 23 
65 64 R 14 H 116 14 
66 15 L 33 H 345 33 
67 341 R 22 H 199 22 
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68 30 R 34 V 330 56 
69 28 R 14 H 152 14 
70 18 L 23 H 342 23 
71 22 R 17 V 338 73 
72 327 L 16 V 213 74 
73 345 L 20 H 15 20 
74 333 R 17 H 207 17 
75 330 R 19 H 210 19 
76 317 R 24 H 223 24 
77 14 R 34 H 166 34 
78 320 L 23 H 40 23 
79 13 L 21 H 347 21 
80 33 R 32 H 147 32 
81 32 L 27 V 148 63 
82 330 L 26 H 30 26 
83 300 L 28 H 60 28 
84 38 R 29 H 142 29 
85 25 L 12 H 335 12 
86 27 L 25 H 333 25 
87 36 L 15 H 324 15 
88 31 L 23 V 149 67 
89 18 L 30 H 342 30 
90 22 L 22 V 158 68 
91 337 R 43 H 203 43 
92 16 L 6 V 164 84 
93 16 L 23 H 344 23 
94 24 R 13 H 156 13 
95 350 L 27 H 10 27 
96 280 R 25 V 80 65 
97 25 L 13 V 155 77 
98 7 L 13 V 173 77 
99 15 L 35 H 345 35 
100 10 L 24 V 170 66 
101 38 R 17 H 142 17 
102 330 L 13 H 30 13 
103 8 L 16 V 172 74 
104 3 L 15 H 357 15 
105 4 R 39 V 356 51 
106 33 R 36 V 327 54 
107 12 L 19 V 168 71 
108 34 R 33 H 146 33 
109 34 L 13 H 326 13 
110 26 R 12 H 154 12 
111 27 R 35 V 333 55 
112 29 L 11 H 331 11 
113 21 R 32 H 159 32 
114 24 L 30 V 156 60 
115 22 R 11 H 158 11 
116 58 L 20 H 302 20 
117 355 L 27 H 5 27 
118 30 R 19 H 150 19 
119 340 L 34 H 20 34 
120 38 R 22 H 142 22 
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Sample: M10 
Grain No. A1 reading L/R arm A2 reading H/V α  β  
1 24 R 29 V 336 61
2 356 L 4 V 184 86 
3 41 R 16 V 319 74 
4 21 L 32 H 339 32 
5 10 R 17 V 350 73 
6 25 R 18 H 155 18 
7 13 R 32 H 167 32 
8 14 R 26 H 166 26 
9 28 R 10 H 152 10 
10 11 L 25 V 169 65 
11 19 L 5 H 341 5 
12 23 R 26 H 157 26 
13 21 R 25 H 159 25 
14 28 R 17 H 152 17 
15 11 R 43 V 349 47 
16 18 R 27 V 342 63 
17 10 L 34 H 350 34 
18 342 R 35 H 198 35 
19 21 R 22 H 159 22 
20 325 R 13 V 35 77 
21 46 L 23 H 314 23 
22 21 R 30 V 339 60 
23 15 R 43 V 345 47 
24 6 L 26 H 354 26 
25 13 R 37 V 347 53 
26 32 L 23 H 328 23 
27 38 L 33 H 322 33 
28 29 R 12 H 151 12 
29 31 R 17 H 149 17 
30 18 R 12 H 162 12 
31 352 L 23 V 188 67 
32 12 L 37 V 168 53 
33 9 R 18 H 171 18 
34 27 L 30 H 333 30 
35 327 R 29 H 213 29 
36 43 R 28 V 317 62 
37 34 R 23 H 146 23 
38 342 R 34 H 198 34 
39 345 L 33 V 195 57 
40 31 R 28 H 149 28 
41 331 R 43 H 209 43 
42 12 R 39 H 168 39 
43 24 L 38 H 336 38 
44 345 L 25 V 195 65 
45 25 R 27 H 155 27 
46 353 L 22 V 187 68 
47 63 R 23 V 297 67 
48 25 R 33 H 155 33 
49 25 R 13 V 335 77 
50 35 R 30 H 145 30 
51 343 L 28 V 197 62 
52 17 L 23 V 163 67 
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53 37 R 34 V 323 56 
54 15 R 32 V 345 58 
55 0 R 0 V 720 90 
56 357 R 20 H 183 20 
57 332 L 12 H 28 12 
58 21 L 15 V 159 75 
59 346 R 39 V 14 51 
60 17 L 15 V 163 75 
61 23 L 27 H 337 27 
62 17 L 24 H 343 24 
63 26 L 7 V 154 83 
64 10 R 42 V 350 48 
65 12 R 23 H 168 23 
66 31 L 45 V 149 45 
67 39 L 19 V 141 71 
68 13 R 13 H 167 13 
69 16 L 32 H 344 32 
70 14 R 22 V 346 68 
71 8 R 33 H 172 33 
72 41 L 12 H 319 12 
73 22 L 11 V 158 79 
74 345 R 30 H 195 30 
75 339 R 42 V 21 48 
76 18 R 15 H 162 15 
77 340 L 20 V 200 70 
78 312 R 16 H 228 16 
79 343 L 31 H 17 31 
80 346 L 25 H 14 25 
81 345 R 24 H 195 24 
82 322 L 11 H 38 11 
83 335 R 28 H 205 28 
84 327 L 14 H 33 14 
85 355 R 37 H 185 37 
86 353 R 30 H 187 30 
87 337 R 20 H 203 20 
88 6 L 31 H 354 31 
89 351 R 35 H 189 35 
90 27 R 24 V 333 66 
91 26 R 25 V 334 65 
92 354 R 22 V 6 68 
93 340 L 23 V 200 67 
94 23 R 24 V 337 66 
95 333 R 15 H 207 15 
96 357 R 28 H 183 28 
97 7 R 35 H 173 35 
98 0 L 21 V 180 69 
99 344 L 18 H 16 18 
100 17 R 19 H 163 19 
101 4 R 20 V 356 70 
102 1 R 28 H 179 28 
103 345 R 16 H 195 16 
104 32 L 25 V 148 65 
105 18 R 34 H 162 34 
106 14 L 36 V 166 54 
107 323 L 21 H 37 21 
108 346 L 10 H 14 10 
109 325 R 20 H 215 20 
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110 11 L 38 V 169 52 
111 14 R 28 H 166 28 
112 18 L 41 V 162 49 
113 21 L 27 V 159 63 
114 55 L 23 H 305 23 
115 19 R 30 H 161 30 
116 13 R 6 V 347 84 
117 19 R 41 V 341 49 
118 50 R 10 V 310 80 
119 20 R 17 H 160 17 
120 30 R 10 H 150 10 
121 294 R 14 H 246 14 
122 52 L 35 H 308 35 
123 0 L 13 V 180 77 
124 325 L 36 V 215 54 
125 9 L 21 V 171 69 
126 352 L 31 H 8 31 
127 333 L 29 H 27 29 
128 352 L 42 H 8 42 
129 341 R 19 V 19 71 
130 16 L 39 V 164 51 
131 34 L 41 V 146 49 
132 19 R 35 H 161 35 
133 36 R 10 H 144 10 
134 337 R 42 V 23 48 
135 37 R 10 H 143 10 
136 21 R 8 V 339 82 
137 18 L 8 H 342 8 
138 19 R 17 H 161 17 
139 332 R 28 H 208 28 
140 24 L 14 H 336 14 
141 25 L 16 H 335 16 
142 312 L 22 V 228 68 
143 325 R 33 H 215 33 
144 13 L 16 H 347 16 
145 18 R 31 V 342 59 
146 36 R 20 H 144 20 
147 32 R 27 V 328 63 
148 24 L 10 H 336 10 
149 17 L 35 H 343 35 
150 15 R 33 V 345 57 
 
 
 
Sample: M11 
Grain No. A1 reading L/R arm A2 reading H/V α  β  
1 17 L 28 V 163 62
2 7 L 32 H 353 32 
3 5 R 26 H 175 26 
4 1 L 20 H 359 20 
5 347 L 26 H 13 26 
6 319 R 30 V 41 60 
7 323 L 19 H 37 19 
8 25 R 26 H 155 26 
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9 3 R 27 H 177 27 
10 15 L 27 H 345 27 
11 36 R 35 V 324 55 
12 23 R 20 H 157 20 
13 29 L 28 H 331 28 
14 35 R 14 H 145 14 
15 11 L 25 V 169 65 
16 20 R 28 H 160 28 
17 359 L 31 H 1 31 
18 304 R 20 V 56 70 
19 352 L 23 H 8 23 
20 353 L 36 H 7 36 
21 343 R 44 V 17 46 
22 318 R 43 V 42 47 
23 330 L 18 H 30 18 
24 357 L 20 H 3 20 
25 342 R 22 V 18 68 
26 353 L 18 V 187 72 
27 357 L 15 H 3 15 
28 14 L 37 H 346 37 
29 19 R 25 H 161 25 
30 32 R 29 H 148 29 
31 27 R 15 H 153 15 
32 50 R 30 H 130 30 
33 348 R 42 V 12 48 
34 342 R 42 V 18 48 
35 351 R 36 V 9 54 
36 339 R 39 V 21 51 
37 24 L 33 H 336 33 
38 23 L 29 H 337 29 
39 4 R 49 V 356 41 
40 334 R 42 V 26 48 
41 335 R 43 V 25 47 
42 337 R 39 V 23 51 
43 338 R 31 V 22 59 
44 352 R 45 V 8 45 
45 19 L 25 H 341 25 
46 8 L 25 H 352 25 
47 327 R 25 V 33 65 
48 20 R 36 H 160 36 
49 6 R 42 H 174 42 
50 35 L 38 V 145 52 
51 350 R 7 V 10 83 
52 342 R 31 V 18 59 
53 336 L 37 V 204 53 
54 359 L 35 V 181 55 
55 39 R 17 V 321 73 
56 19 L 9 V 161 81 
57 343 L 15 H 17 15 
58 3 L 22 H 357 22 
59 351 L 26 H 9 26 
60 358 R 30 V 2 60 
61 5 R 33 V 355 57 
62 353 R 47 V 7 43 
63 30 R 43 H 150 43 
64 333 R 35 V 27 55 
65 334 R 37 V 26 53 
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66 337 R 33 V 23 57 
67 2 L 43 H 358 43 
68 348 R 50 V 12 40 
69 3 R 20 V 357 70 
70 332 L 27 H 28 27 
71 14 R 20 V 346 70 
72 27 L 34 V 153 56 
73 19 R 23 H 161 23 
74 353 L 18 H 7 18 
75 347 R 30 V 13 60 
76 4 R 25 V 356 65 
77 8 L 33 V 172 57 
78 358 L 23 H 2 23 
79 342 R 37 V 18 53 
80 353 L 34 H 7 34 
81 15 R 29 H 165 29 
82 340 R 34 V 20 56 
83 322 R 30 V 38 60 
84 345 L 17 H 15 17 
85 327 R 28 V 33 62 
86 29 R 27 H 151 27 
87 326 R 35 V 34 55 
88 332 L 24 H 28 24 
89 340 L 22 H 20 22 
90 352 R 33 V 8 57 
91 353 L 30 V 187 60 
92 348 L 30 V 192 60 
93 16 R 18 H 164 18 
94 16 R 30 H 164 30 
95 31 R 37 H 149 37 
96 13 R 5 V 347 85 
97 337 L 36 V 203 54 
98 11 L 9 H 349 9 
99 13 L 8 V 167 82 
100 349 L 22 H 11 22 
       
       
 
Sample: M12 
Grain No. A1 reading L/R arm A2 reading H/V α  β  
1 353 R 16 V 7 74
2 44 R 37 V 316 53 
3 39 R 26 V 321 64 
4 28 L 45 V 152 45 
5 355 R 33 H 185 33 
6 52 L 15 H 308 15 
7 333 L 28 H 27 28 
8 42 L 39 V 138 51 
9 14 R 27 H 166 27 
10 45 L 33 V 135 57 
11 17 L 31 V 163 59 
12 50 L 40 V 130 50 
13 12 R 21 V 348 69 
14 337 R 32 V 23 58 
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15 25 L 26 V 155 64 
16 356 R 21 V 4 69 
17 359 R 20 V 1 70 
18 75 L 39 V 105 51 
19 17 R 34 H 163 34 
20 344 R 3 V 16 87 
21 331 L 9 V 209 81 
22 344 R 18 H 196 18 
23 303 R 20 H 237 20 
24 23 R 36 H 157 36 
25 304 R 13 H 236 13 
26 33 L 13 V 147 77 
27 48 L 12 H 312 12 
28 29 L 14 H 331 14 
29 39 R 34 H 141 34 
30 349 L 39 V 191 51 
31 346 R 48 H 194 48 
32 340 R 29 H 200 29 
33 334 L 11 H 26 11 
34 32 L 37 V 148 53 
35 16 L 38 V 164 52 
36 2 L 47 V 178 43 
37 343 R 4 V 17 86 
38 27 R 8 V 333 82 
39 6 R 17 H 174 17 
40 357 L 25 H 3 25 
41 46 L 8 V 134 82 
42 31 R 27 H 149 27 
43 20 R 39 V 340 51 
44 34 R 7 H 146 7 
45 27 L 40 H 333 40 
46 72 L 21 H 288 21 
47 42 L 33 V 138 57 
48 319 R 34 V 41 56 
49 18 L 34 V 162 56 
50 28 R 39 V 332 51 
51 40 L 33 H 320 33 
52 0 L 43 V 180 47 
53 29 L 41 V 151 49 
54 331 L 38 V 209 52 
55 56 L 3 H 304 3 
56 7 R 19 H 173 19 
57 22 R 18 H 158 18 
58 30 R 18 V 330 72 
59 7 R 29 H 173 29 
60 31 R 19 V 329 71 
61 343 L 24 V 197 66 
62 23 R 8 H 157 8 
63 13 R 7 V 347 83 
64 342 R 37 V 18 53 
65 347 R 14 V 13 76 
66 344 R 33 H 196 33 
67 25 L 42 V 155 48 
68 319 R 32 V 41 58 
69 7 L 41 V 173 49 
70 354 L 3 H 6 3 
71 10 L 40 V 170 50 
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72 0 L 0 V 180 90 
73 1 L 22 V 179 68 
74 16 R 47 V 344 43 
75 27 L 29 H 333 29 
76 14 R 45 V 346 45 
77 44 L 34 V 136 56 
78 50 R 33 H 130 33 
79 43 L 13 V 137 77 
80 10 R 41 V 350 49 
81 24 L 36 V 156 54 
82 357 R 41 V 3 49 
83 0 L 30 H 720 30 
84 333 L 30 V 207 60 
85 32 L 23 V 148 67 
86 21 R 24 V 339 66 
87 43 R 37 V 317 53 
88 44 R 31 V 316 59 
89 324 R 28 V 36 62 
90 323 R 29 V 37 61 
91 21 R 19 V 339 71 
92 10 L 28 H 350 28 
93 355 R 32 H 185 32 
94 325 L 35 V 215 55 
95 37 R 30 V 323 60 
96 0 R 7 V 720 83 
97 27 R 22 V 333 68 
98 1 R 29 V 359 61 
99 7 R 32 V 353 58 
100 6 R 10 V 354 80 
101 42 R 26 V 318 64 
102 337 L 32 V 203 58 
103 31 R 7 V 329 83 
104 22 L 31 V 158 59 
105 27 L 32 V 153 58 
106 37 L 12 V 143 78 
107 15 R 14 H 165 14 
108 299 R 46 V 61 44 
109 41 R 33 V 319 57 
110 345 L 42 V 195 48 
111 28 L 35 V 152 55 
112 20 R 9 V 340 81 
113 13 R 7 V 347 83 
114 342 R 37 V 18 53 
115 32 R 29 V 328 61 
116 359 R 30 V 1 60 
117 21 R 34 V 339 56 
118 343 R 33 H 197 33 
119 8 L 43 V 172 47 
120 359 R 37 H 181 37 
121 3 R 25 H 177 25 
122 6 L 21 V 174 69 
123 8 L 33 H 352 33 
124 50 R 38 V 310 52 
125 351 R 40 V 9 50 
126 16 R 26 V 344 64 
127 22 L 40 V 158 50 
128 11 L 23 H 349 23 
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129 10 R 14 V 350 76 
130 323 R 28 V 37 62 
131 3 R 38 V 357 52 
132 326 R 27 V 34 63 
133 71 L 30 V 109 60 
134 9 L 17 V 171 73 
135 15 R 29 V 345 61 
136 340 R 40 V 20 50 
137 353 L 7 V 187 83 
138 8 R 26 V 352 64 
139 1 L 7 V 179 83 
140 327 L 17 H 33 17 
141 11 L 49 V 169 41 
142 27 R 32 V 333 58 
143 16 L 33 V 164 57 
144 16 R 18 H 164 18 
145 354 L 28 H 6 28 
146 43 R 34 V 317 56 
147 347 R 31 V 13 59 
148 7 R 7 V 353 83 
149 22 R 37 V 338 53 
150 351 L 44 V 189 46 
 
 
 
Sample: M13 
Grain No. A1 reading L/R arm A2 reading H/V α  β  
1 307 L 21 V 233 69
2 334 L 20 V 206 70 
3 3 R 17 V 357 73 
4 331 R 22 V 29 68 
5 37 R 33 V 323 57 
6 62 R 40 V 298 50 
7 42 R 40 V 318 50 
8 66 R 28 V 294 62 
9 103 L 29 V 77 61 
10 4 R 37 V 356 53 
11 357 R 29 V 3 61 
12 352 R 30 V 8 60 
13 332 R 42 V 28 48 
14 21 R 35 V 339 55 
15 25 R 34 V 335 56 
16 25 R 35 V 335 55 
17 17 R 22 V 343 68 
18 14 L 43 V 166 47 
19 47 R 29 V 313 61 
20 30 R 17 V 330 73 
21 25 R 32 V 335 58 
22 35 R 28 V 325 62 
23 17 L 32 V 163 58 
24 0 L 0 V 180 90 
25 40 L 18 V 140 72 
26 350 L 16 V 190 74 
27 16 R 39 V 344 51 
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28 46 R 17 V 314 73 
29 34 R 32 V 326 58 
30 18 R 38 V 342 52 
31 349 R 12 V 11 78 
32 18 R 40 V 342 50 
33 37 R 16 V 323 74 
34 36 R 30 V 324 60 
35 29 R 24 V 331 66 
36 1 R 24 V 359 66 
37 38 R 24 V 322 66 
38 58 L 13 V 122 77 
39 17 L 26 H 343 26 
40 22 R 23 V 338 67 
41 45 L 26 H 315 26 
42 13 R 19 V 347 71 
43 84 R 31 V 276 59 
44 8 R 24 V 352 66 
45 32 R 17 V 328 73 
46 14 L 28 V 166 62 
47 18 L 30 V 162 60 
48 18 R 38 V 342 52 
49 26 R 24 V 334 66 
50 27 R 32 V 333 58 
51 326 L 21 V 214 69 
52 17 R 37 V 343 53 
53 349 L 24 V 191 66 
54 37 R 29 V 323 61 
55 11 L 45 V 169 45 
56 33 R 30 V 327 60 
57 1 L 36 V 179 54 
58 26 R 18 V 334 72 
59 22 R 32 V 338 58 
60 357 L 37 V 183 53 
61 12 R 43 V 348 47 
62 21 R 45 V 339 45 
63 20 R 41 V 340 49 
64 5 R 33 V 355 57 
65 327 R 12 V 33 78 
66 27 R 38 V 333 52 
67 44 R 40 V 316 50 
68 8 R 37 H 172 37 
69 58 L 36 V 122 54 
70 18 R 48 V 342 42 
71 6 L 47 V 174 43 
72 40 R 20 V 320 70 
73 356 L 46 V 184 44 
74 17 R 21 V 343 69 
75 15 R 47 V 345 43 
76 2 L 7 V 178 83 
77 355 L 12 V 185 78 
78 21 R 34 V 339 56 
79 6 R 41 V 354 49 
80 32 R 31 V 328 59 
81 14 R 18 V 346 72 
82 18 R 15 V 342 75 
83 353 L 38 V 187 52 
84 44 L 20 V 136 70 
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85 18 R 33 V 342 57 
86 19 L 20 V 161 70 
87 1 R 30 V 359 60 
88 17 R 27 V 343 63 
89 3 R 34 V 357 56 
90 26 R 24 V 334 66 
91 36 R 34 V 324 56 
92 57 R 27 V 303 63 
93 35 R 22 V 325 68 
94 358 R 32 V 2 58 
95 12 L 36 H 348 36 
96 15 R 47 V 345 43 
97 16 R 34 V 344 56 
98 15 R 34 V 345 56 
99 52 R 21 V 308 69 
100 12 R 28 V 348 62 
101 24 R 40 V 336 50 
102 46 R 20 V 314 70 
103 62 R 25 V 298 65 
104 36 L 45 H 324 45 
105 81 R 28 V 279 62 
106 8 R 11 V 352 79 
107 29 R 43 V 331 47 
108 324 L 6 V 216 84 
109 23 R 43 V 337 47 
110 356 L 9 V 184 81 
111 18 R 21 V 342 69 
112 356 R 35 V 4 55 
113 13 R 24 V 347 66 
114 353 R 39 V 7 51 
115 348 L 12 V 192 78 
116 12 L 14 V 168 76 
117 3 R 30 V 357 60 
118 24 R 36 V 336 54 
119 1 R 46 V 359 44 
120 31 R 29 V 329 61 
121 348 R 31 V 12 59 
122 0 R 40 V 720 50 
123 296 L 11 V 244 79 
124 289 L 9 H 71 9 
125 289 L 9 H 71 9 
126 278 L 11 H 82 11 
127 251 R 15 H 289 15 
128 83 R 24 H 97 24 
129 34 L 14 H 326 14 
130 81 R 15 V 279 75 
131 7 L 35 V 173 55 
132 346 L 23 V 194 67 
133 43 L 22 H 317 22 
134 335 L 25 V 205 65 
135 62 R 38 V 298 52 
136 25 L 26 V 155 64 
137 23 L 27 H 337 27 
138 3 R 22 V 357 68 
139 48 R 41 V 312 49 
140 23 R 33 V 337 57 
141 19 R 48 V 341 42 
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142 28 R 32 V 332 58 
143 29 R 30 V 331 60 
144 1 R 33 V 359 57 
145 18 L 12 V 162 78 
146 12 R 48 V 348 42 
147 18 R 20 V 342 70 
148 30 R 30 V 330 60 
149 3 L 29 V 177 61 
150 17 R 12 V 343 78 
151 348 L 5 V 192 85 
152 7 R 28 V 353 62 
153 45 R 32 V 315 58 
154 10 R 42 V 350 48 
155 27 R 30 V 333 60 
156 10 R 12 V 350 78 
157 18 L 15 V 162 75 
158 17 L 16 V 163 74 
159 359 L 31 V 181 59 
160 43 R 36 V 317 54 
161 359 R 20 V 1 70 
162 61 R 33 V 299 57 
163 8 R 30 V 352 60 
164 14 R 29 V 346 61 
165 19 L 16 V 161 74 
166 23 R 24 V 337 66 
167 36 L 26 V 144 64 
168 31 R 48 V 329 42 
169 23 L 29 V 157 61 
170 45 R 16 V 315 74 
171 17 L 32 H 343 32 
172 30 R 40 V 330 50 
173 39 R 22 V 321 68 
174 17 L 21 V 163 69 
175 16 R 21 V 344 69 
176 17 R 32 V 343 58 
177 25 R 44 V 335 46 
178 34 R 43 V 326 47 
179 9 L 17 V 171 73 
180 356 L 28 V 184 62 
181 25 R 41 V 335 49 
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Appendix C  Strain analysis using quartz porphyroclasts 
In vorticity analysis using quartz porphyroclasts and S-foliations, the bulk finite strain sR  
needs to be estimated from shape fabrics of deformed quartz porphyroclasts viewed on 
the vorticity-normal section (VNS). A deformed ellipsoidal object exposed on the VNS is 
an ellipse, and its shape is denoted by the aspect ratio of the ellipse, fR . Its orientation is 
defined by φ  , the angle between the long axis of the ellipse and the shear plane.   
The φ/fR  method for determining the finite strain (Ramsey, 1967) is based on the 
passive deformation behavior of elliptical objects on the VNS in the plane-straining 
flows. In a plane-straining flow, an elliptical object stays on the VNS but changes its 
shape and orientation. The final shape ( fR ) and final orientation (φ ) of the elliptical 
object are related to its initial shape iR , initial orientation iφ , and the bulk finite strain 
sR  by (Ramsay, 1967; Lisle, 1986): 
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At any finite strain ( sR >1), deformed elliptical objects having the same initial shapes are 
plotted in a curve on an φ/fR  plot, referred to as an iR -curve. Similarly, objects having 
the same initial orientations are plotted in a curve, termed iφ -curve. However, if a 
population of randomly oriented deformed objects with various iR 's are plotted, they are 
widely scattered instead of along a curve. This φ/fR  pattern is compared with the iφ -
curves at different finite strains until the iφ -curves suggests the most random distribution  
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Figure C-1 fR φ−  plot of 300 passively deformed objects with the smallest 2χ .  
The objects have a weak SPO before they are deformed in the shear zone. Each 
object initially has its intermediate symmetrical axis parallel to the vorticity vector. 
The long axis initial orientations define a normal distribution with mean of D0  and 
standard deviation of D45 . The whole plot area is divided by the iφ -curves into 20 
domains, and the expected number of objects plotted in each domain is 300/20=15. 
The finite strain and the 2χ  are estimated using the program of Chew (2003). 
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Figure C-2  fR φ−  plot of 300 non-passively deformed objects. 
The smallest 2χ  for object-to-matrix viscosity ratio of 0.5 in (a), and 2 in (b) at a 
finite strain of 5.16. The 300 objects are initially randomly distributed before they 
are deformed. The finite strain is estimated and the smallest 2χ  is found using the 
Microsoft Excel program of Chew (2003).     
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of initial orientations. The finite strain corresponding to this iφ -curve is regarded as the 
bulk finite strain of rocks. To help determine the true finite strain from the φ/fR  pattern 
and iφ -curves, a parameter 2χ  is used, defined as:  
∑ −= EEO /)( 22χ       (C3) 
where O is the number of observed 
fR φ−  data plotted between two adjacent iφ -curves, 
and E is the expected number of 
fR φ−  data plotted between the two iφ -curves. The 
finite strain corresponding to the smallest 2χ  is regarded as the most suitable finite strain 
for the φ/fR  pattern. This strain calculation strategy has been implemented by utilizing 
a computer (Peach and Lisle, 1979; Mulchrone and Meere, 2001; Chew, 2003), which 
makes the strain calculation easy.  
As mentioned in Chapter 7, numerical modeling is used to investigate the uncertainties in 
the above finite strain analysis arising from quartz initial shape preferred orientation 
(SPO) or the non-passiveness of quartz grains. In these modelings, as explained in 
Chapter 7, the flow field is chosen as plane straining with skW  being 0.8 and the sR  is set 
to 5.16. The quartz porphyroclast initial orientations and initial shapes in each modeling 
are described in detail in Chapter 7, and are not repeated here. Here I present the 
modeling results. Figure C-1 is the φ/fR  plot for quartz porphyroclasts with weak initial 
SPO, and Figure C-2 is the plot for non-passively deformed quartz porphyroclasts. The 
estimated finite strain for the passively deformed quartz with initial weak SPO is 6.3, 
and, for the randomly orientated quartz, is 7.01 for object-to-matrix viscosity ratio of 0.5 
and 3.73 for viscosity ratio of 2.   
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Appendix D  Analytical studies of dike morphologies and orientations 
In a homogeneous steady-state flow, dikes with large aspect ratios (>10) on the VNS are 
stretched and rotated as material lines in the flow field. Because of this, the kinematics of 
the flow can be constrained from the stretching and rotation history of dikes in the flow. 
Some attempts have been made to gain quantitative stretching and rotation histories of 
dikes from their morphologies (i.e., fold, boudin, and boudinaged fold) and orientations 
in the shear zones assuming that dikes are instantly folded when they are shortened and 
boudinaged when extended (Passchier and Urai, 1988; Wallis, 1992; Short and Johnson, 
2006; Kuiper and Jiang, 2010). However, laboratorial experiments and numerical 
experiments suggest that these morphologies are consequences of accumulated finite 
strains and that a dike can take certain amount of strain before it shows any evidence of 
deformation by folds or boundins (Watkinson, 1975; Gairola and Kern, 1984; Hobbs et 
al., 2008). Therefore uncertainties are introduced when using the morphologies of dikes 
to constrain shear zone kinematics.  
This study takes a plane-straining flow with skW  being 0.8 as an example to study the 
morphologies and orientations of dikes in the homogeneous steady-state flow at a bulk 
finite strain of 20, assuming that a minimum longitudinal strain of 10% is required before 
a dike starts to develop fold under shortening or to develop boudins under extension. For 
example, if a dike with initial length of 0l  has been shortened to 0.8 0l  first (folded), the 
folded dike will be boudinaged when its length becomes l =0.8 0l x110% (=0.88 0l ).   
In the coordinate XY where X-axis is along the strike of shear zone and Y-axis is normal 
to the shear zone boundaries, the velocity gradient tensor of the flow field in this study is 
in the form of:  
11 12
21 22
L L
L L
⎛ ⎞= ⎜ ⎟⎝ ⎠
L  (D1) 
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Figure D-1 Sign conventions used for dike orientations in a general 2D flow 
Positive angles are measured clockwise from the shear plane to the dike. 
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A dike initially oriented along a unit vector ⎟⎟⎠
⎞
⎜⎜⎝
⎛=
0
0
sin
cos
θ
θ
0a , rotates to a new orientation 
represented by a unit vector ta  inclining at an angle tθ  to the shear plane after time t 
(Figure D-1). The rotation and stretch of the dike can be described by the position 
gradient tensor F  at time t (Jiang and Williams, 1998; Lin et al., 1998):   
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The quadratic extension ( 2
0
2
l
l=λ ) of the dike is (Spencer, 1980)  
0
TT
0 FaFa=λ     (D3a) 
or 1)( −−= t1TTt aF)(Faλ       (D3b) 
Using the left Cauchy-Green deformation tensor B  ( TFFB = ) and the right Cauchy-
Green deformation tensor C  ( FFC T= ), the quadratic extension can be simplified as 
(Jiang, 2010): 
)2(sincos 0120
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The orientation of a dike at deformed state is related to that at undeformed state by 
(Jiang, 2010):   
0
0
t Fa
Fa
a =      (D4) 
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or 
t
t
0 aF
aF
a
1
1
−
−
=     (D5) 
With Eqs. (D3-D5), morphology and orientation of dikes in the flow can be investigated.  
In practice, dikes with different morphologies are plotted in sectors of a stereonet (see 
Chapter 7 for details). The orientations of boudins, folds and folded boudins are plotted in 
sectors EE, SS and SE of the stereonet respectively. The boundaries that SE and SS 
sectors share are regards as the two zero stretching axe orientations 1E   and 2E (e.g., 
Passchier and Urai, 1988; Wallis, 1992; Short and Johnson, 2006). The other boundaries 
of the SE sectors are regarded as the orientations ( 'iE , 2,1=i ) of deformed material lines 
which were initially oriented along iE  ( 2,1=i ).      
Here I show the orientations and morphologies of dikes in a flow with 
10.375 1
0 0.375
Ma−
−⎛ ⎞= ⎜ ⎟−⎝ ⎠L  as an example. This example is used in Chapter 7 to 
demonstrate large uncertainties associated with the vorticity analysis method using dikes. 
The skW  of this flow in the example is 0.8. The orientation of flow appophysis A2 is 
°87.36  and of flow appophysis A1 is °0 . Dikes can emplace prior to shear zone 
deformation or at any time during deformation. All these dikes rotate away from A2 
toward A1. Because dikes are not instantly folded or boudinaged in deformation, the 
estimated iE  ( 2,1=i ) are different from the true iE  ( 2,1=i ). Dikes initially oriented 
along iE  ( 2,1=i ) start to boudinage at orientations °13  and °125 . Therefore the 
boundaries between SE and SS sectors (estimated 1E   and 2E ) are °13  and °125 ; 
however the true orientations of the two zero stretching axe orientations are 1E  °5.18 , 
and the 2E  °5.108 (Figure D-2). For forward rotating ones, dikes originally oriented at 
°92  start to be folded right at °5.108 , and eventually reach °4.174  at finite strain Rs=20. 
Any dike with an initial orientation between °92  and °5.108  eventually reaches an  
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Figure D-2 Rotation of dikes in a plane-straining flow with skW  of 0.8  
(a) Forward rotating dikes start to be extended after they pass °5.108 , and become 
boudins at °125 . (b) Backward rotating dikes start to be extended after they pass 
°5.18 , and become boudins at °13 . (c) A dike initially oriented at °92  forms 
boudins right at °5.108  where it starts to undergo extension. The dike finally 
inclines at the largest positive angle to the shear plane among the forward rotating 
boudinaged folds. The dike reaches orientation of °4.174  at bulk finite strain of 20. 
(d) A dike initially oriented at °24  finally reaches the smallest positive orientation (
°4.6 ) among the backward rotating boudinaged folds at bulk finite strain of 20. 
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orientation between °4.174  and °3.175 , and has not been folded. Therefore, the 
orientation of the boundary between SE and EE sectors is °4.174  for forward rotating 
dikes. Similarly, the boundary between the SE and the EE sectors is °4.6  for backward 
rotating dikes (Figure D-2d).  
In the above example, it is assumed that 10% shortening or extension is needed for a dike 
to be folded or boudinaged. If more strains are need for a dike to show the deformation, 
the estimated orientations of iE  and 
'
iE  ( 2,1=i ) can be obtained by solving Eqs. (D3-
D5) and they will be further away from the theoretical ones.  
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